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Summary 
Since the ‘50s, hairstyling products have always been in evolution and many 
polymers were developed to satisfy customers. Nowadays, hairstyling products have 
to maintain the hairstyle by natural holding. For the chemist, getting polymers which 
combine hold and flexibility of hair are new challenges. Moreover the VOC (Volatile 
Organic Compounds) regulation applied in US tends to be introduced in Europe, 
which makes some restrictions for formulators. Polyurethanes generally based on 
polyester-diol or polyether-diol are interesting with regard to good flexibility of the 
hairstyle and to be used in low VOC formulations. Polyacrylates are also remarkable 
due to their good interactions with the hair and to provide the hold.  
 
The goal of this thesis was to synthesize a new polymer which combines the 
properties of polyacrylates and polyurethanes. The thesis is composed of three main 
parts: the synthesis of hydroxyl-telechelic polyacrylates, the preparation of 
polyurethanes based on the synthesized polyacrylates and the performance of these 
polyurethanes on hair.  
 
For the synthesis of hydroxyl-telechelic polyacrylates, two different controlled radical 
polymerizations were chosen: (i) Atom Transfer Radical Polymerization (ATRP) and 
(ii) Single Electron Transfer-Living Radical Polymerization (SET-LRP); and two 
different post-polymerization modifications were studied: (i) nucleophilic substitution 
and (ii) click reaction. Methyl acrylate (MA) and methyl methacrylate (MMA) were 
used as monomers; and methyl dichloroacetate (MDCA), ethyl dibromoacetate 
(EDBA) and in some cases 2-hydroxyethyl 2-bromoisobutyrate (HEBIB) were used 
as bifunctional initiators. Nucleophilic substitutions were performed with n-butylamine, 
Summary 
 
x 
 
2-methylamino ethanol and 3-amino-1-propanol; and propargyl alcohol was tested for 
click reaction. Regarding the end-group fidelity determined by MALDI-TOF analyses, 
the best route to obtain hydroxyl-telechelic polyacrylates was the SET-LRP of MA 
with HEBIB as initiator followed by nucleophilic substitution of the bromine end-
groups by azide and click reaction with propargyl alcohol performed in an one-pot 
reaction. Hydroxyl-telechelic PMAs with a molecular weight of 2000g/mol were 
obtained with a share of 83 mol% functionality of 2.  
 
Polyurethanes (PUs) based on these hydroxyl-telechelic PMAs were obtained by 
successive addition of diisocyanates and diamines. Isophorone diisocyanate (IPDI), 
4,4’-methylenebis(cyclohexyl isocyanate) (HMDI) and 4,4’-methylenediphenyl 
diisocyanate (MDI) were used as diisocyanates; while isophorone diamine (IPDA), 
4,4’-methylenebis(cyclohexyl amine) (HMDA) and 4,4’-methylenediphenyl diamine 
(MDA) as diamines. High molecular weights of PUs  were obtained which prove the 
high degree of bifunctionality of the hydroxyl-telechelic PMAs used as starting 
materials – for example PU based on PMA, IPDI and IPDA had a molecular weight of 
44500 g/mol with a dispersity of 3.5.  
 
After this synthetic part, PUs based on PMA, IPDI and IPDA were applied on hair in 
order to determine theperformance of these new products and compare them to the 
traditional PUs based on polyether-diol (with poly(THF)) or polyester-diol (with poly(ε-
caprolactone)), IPDI and IPDA. The interaction of PU based on PMA and the hair 
fibers seems to be more adhesive and stiffer than the other PUs. Moreover, by 
increasing the molecular weight of PU, the wash-ability of the final product was 
worse, but the styling retention was improved. 
 xi 
 
Zusammenfassung 
Seit Beginn der 50er Jahre sind Hairstyling-Produkte in ständiger Entwicklung; viele 
Polymere wurden eingesetzt, um Kunden zufriedenzustellen. Heutzutage müssen 
Hairstyling-Produkte der gewünschten Frisur einen natürlichen Halt geben. Die 
neuen Herausforderungen für Chemiker sind Hairstyling-Polymere zu entwickeln, die 
dem Haar Halt und Flexibilität verleihen. Das in den USA in Kraft getretene Gesetz 
über flüchtige organische Verbindungen (VOC: Volatile Organic Compounds) bringt 
Einschränkungen für die Herstellung von Hairstyling-Formulierungen. Polyurethane 
auf der Basis von Polyester-Diolen oder Polyether-Diolen sind von Interesse wegen 
der hohen Flexibilität der Frisur und der Möglichkeit diese in niedrigen VOC-
Formulierungen einzusetzen. Polyacrylate sind ebenfalls bemerkenswert aufgrund 
ihrer guten Wechselwirkung mit Haar und dem daraus resultierenden Halt der Frisur. 
 
Die vorliegende Dissertation beschäftigt sich mit der Entwicklung und der 
Charakterisierung von neuen Polyurethanen auf der Basis von Polyacrylaten. Die 
Dissertation ist aus drei Hauptteilen aufgebaut: Synthese von hydroxytelechelen 
Polyacrylaten, Herstellung von Polyurethanen auf der Basis der synthetisierten 
Polyacrylate und Performanz dieser Polyurethane auf Haar. 
 
Für die Synthese von hydroxytelechelen Polyacrylaten wurden zwei unterschiedliche 
Methoden zur kontrollierte radikalische Polymerisationen ausgewählt: Atom Transfer 
Radical Polymerization (ATRP) und Single Electron Transfer-Living Radical 
Polymerization (SET-LRP). Weiterhin wurden zwei unterschiedliche polymeranaloge 
Reaktionen untersucht: nucleophile Substitution (NS) und Click-Reaktion. 
Methylacrylat (MA) und Methylmethacrylat (MMA) wurden als Monomere verwendet; 
Zusammenfassung 
 
xii 
 
Methyldichloracetat (MDCA), Ethyldibromoacetat (EDBA) und in einigen Fällen 2-
Hydroxyethyl-2-bromisobutyrat (HEBIB) als bifunktionelle Initiatoren benutzt. NS 
wurden mit n-Butylamin, 2-Methylamino-1-ethanol und 3-Amino-1-propanol 
durchgeführt; Propargylalkohol wurde für Click-Reaktionen mit Azid-Telechelen 
getestet. Um die Qualität der Telechele zu bestimmen wurden MALDI-TOF 
Endgruppen-Analysen durchgeführt. Die beste Route zu hydroxy-telechelen 
Polyacrylaten beruht auf einer Reaktions-Sequenz bestehend aus SET-LRP von MA 
mit HEBIB als Initiator gefolgt von einer NS der Brom-Endgruppen durch Azid und 
nachfolgender Click-Reaktion mit Propargylalkohol als Eintopfreaktion durchgeführt. 
Es wurden hydroxytelechele PMAs mit einem Molekulargewicht von 2000 g/mol und 
einer Bifunktionalität von 83 Mol-% erhalten. 
 
Polyurethane (PU) auf der Basis von hydroxytelechelen PMAs wurden durch 
sukzessive Zugabe von Diisocyanaten und entsprechenden Diaminen hergestellt. 
Isophorondiisocyanat (IPDI), 4,4'-Methylenbis(cyclohexylisocyanat) (HMDI) und 4,4'-
Methylendiphenyldiisocyanat (MDI) wurden als Diisocyanate verwendet. Hohe 
Molekulargewichte der PU sind ein Beweis für den hohen Grad der Bifunktionalität 
der hydroxytelechelen PMAs die als Ausgangsstoffe benutzt wurden: z.B. ein PU auf 
der Basis von PMA, IPDI und IPDA hatte ein Molekulargewicht von 44500 g/mol mit 
einer Verteilung von 3,5. 
 
PUs auf der Basis von PMA, IPDI und IPDA wurden auf Haar appliziert, um die 
Eigenschaften der neuen Produkte zu bestimmen und mit traditionellen PU basierend 
auf Polyether- (Poly(THF)) oder Polyester- (Poly(ε-Caprolacton)) Diolen zu 
vergleichen. Die Wechselwirkung der PU basierend auf PMA mit Haar scheint 
intensiver zu sein und führt zu steiferen Haarfasern als die anderer PU. Durch 
Zusammenfassung 
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Erhöhung des Molekulargewichts der PU wird das Waschvermögen des 
Endproduktes schlechter, der Halt des Stylings jedoch besser. 
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1 Motivation 
 
In the physical appearance of women and men, the hairstyle is an important part as 
well as clothes. The hairstyling trend is in constant evolution; nowadays people want 
to have straightened hair with a lot of volume. Customers of hairstyling products want 
to have a hard fixation with a natural hold. The hairstyle has to be fixed with a good 
hold, a natural effect and a certain shine. The fixation should be stable, also at high 
relative humidity, with lasting frizz control. After using hairstyling products, the hair 
must quickly dry and should not be sticky. Moreover, the product has to be easily 
removed by washing or by combing without flakes.1,2 
 
Hairstyling products are constantly in evolution according to wishes of customers.  
They are present on the market in different forms: spray (aerosol spray or pump 
spray), gel, mousse (aerosol mousse or pump mousse), wax, pomade, cream or 
lotion. Aerosol products are mostly present on the European market. An aerosol 
product is composed of polymers (from 3 to 10%), solvents (mostly ethanol) and 
propellants (propane, butane or dimethyl ether). Ethanol and propellants are volatile 
organic compounds (VOCs). According to the European Council (Directive 
1999/13/EC) VOCs are all organic compounds with a vapor pressure above 0.1 
mmHg at 20°C or under specific conditions of use, organic compounds having a 
corresponding volatility. Due to the greenhouse effect, these VOCs tend to be 
reduced. In 1993 in the US, hairstyling aerosol formulations must contain less than 
55% of ethanol/propellants. This composition is called low VOC formulation (or 
VOC55). The reduction of VOCs is performed by addition of water in the formulation. 
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But more water means an increase of the drying time and corrosion problems of the 
can. In Europe, there has been no regulation for VOCs yet.  
 
Fixation is provided by polymers. Since the ‘50s, many polymers have been 
developed to reach the customer’s expectations. Examples of polymers are 
presented in Figure 1. The first synthetic polymer which was introduced in hairstyling 
products, is poly(vinylpyrrolidone) (PVP). This polymer provides a good hold but due 
to its hygroscopicity, tackiness increases at high relative humidity. Vinylpyrrolidone 
(VP) is still used as co-monomer today in some copolymers or terpolymers – as for 
example in the structures 1, 4, 7, 9, 10 and 11 in Figure 1. Vinyl acetate (VA) was 
employed to improve the hold at high relative humidity. However, because of its lack 
of solubility in propane/butane and lower water-solubility than PVP this co-monomer 
present in the structures 1, 2, 3 and 7 in Figure 1 is not often used nowadays. 
Polyacrylates as for example 4, 6 and 9 in Figure 1 are also remarkable for their good 
interactions with the hair which provide the holding property. N-octyl 
acrylamide/acrylic acid/t-butylaminoethyl methacrylate terpolymer (Amphomer® from 
Akzo Nobel – polymer 6) which is the most used polymer in commercial hairstyling 
products, is known for its high resistance at high relative humidity. Recently, 
polyurethanes are incorporated as film-formers in many products due to the 
enhancement of hair flexibility with low tack and ease to be used in low VOC 
formulations.  
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Figure 1. Examples of existing polymers for hairstyling1,3-5 
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Thermoplastic polyurethanes (TPUs) are composed of two segments – hard 
segments and soft segments – as detailed in Figure 2 with Polyurethane-1 (Luviset® 
P.U.R from BASF). By changing the building blocks (polyol, diisocyanates, 
solubilizing agent, etc.) or the composition (ratio of building blocks) a variety of 
properties can be tailored.  
 
 
Figure 2. Structure of Polyurethane-11 
 
In cosmetics, all ingredients used in commercial products are assigned with an INCI-
name (International Nomenclature Cosmetic Ingredient) which is mandatory since 
1998 in Europe. The composition of 33 polyurethanes which are present on the 
market and recorded with an INCI-name was studied:  
- First polyester-diols or polyether-diols are used the most often as diol;  
- And regarding diisocyanates, isophorone diisocyanate (IPDI) and 
hydrogenated methylene diphenyl diisocyanate (HMDI) are the most often 
present on the PU-market for hairstyling products. 
The combination of polyurethanes with acrylates seems to be of interest but presents 
a real challenge; indeed, hitherto no polyacrylate is incorporated in polyurethane 
chains.  
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Based on this background, it was our objective to develop a new polyurethane based 
on telechelic polyacrylates, diisocyanates and diamines for cosmetic applications. 
Halogen-telechelic poly(methyl acrylate)s or poly(methyl methacrylate)s were 
prepared by controlled radical polymerization in order to obtain well-defined polymers 
of Mn = 2000 g/mol. The halogen-telechelic polymers were then converted to 
hydroxyl or amino groups by post-polymerization modifications. The hydroxyl- or 
amino-telechelic polyacrylates were reacted with the diisocyanates to obtain an 
isocyanate-telechelic prepolymer. After this conversion, the prepolymer was reacted 
with chain extenders which were diamines corresponding to diisocyanates used. 
After synthesis the polyurethanes were first characterized with respect to molecular 
weight and then they were applied on human hair; tests were performed in order to 
characterize the effects of these new polyurethanes. 
 
2 Scope of the thesis 
 
In Chapter 2 the literature concerning controlled radical polymerization procedures 
and post-polymerization modifications for amino- or hydroxyl-telechelic polyacrylates 
is presented. Special attention is paid on the toxicity of some procedures due to 
applications in cosmetics. Moreover, principles of polycondensation and polyaddition 
reactions are reviewed.  
 
In Chapter 3 the synthesis of halogen-telechelic poly(methyl acrylate)s and 
poly(methyl methacrylate)s by Atom Transfer Radical Polymerization (ATRP) and by 
Single Electron Transfer-Living Radical Polymerization (SET-LRP) with methyl 
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dichloroacetate (MDCA) or ethyl dibromoacetate (EDBA) as bifunctional initiators is 
described.  
 
Nucleophilic substitutions (NS) as post-polymerization modification to convert 
halogen end-groups into amino- or hydroxyl-end groups are studied in Chapter 4. 
Hydroxyl- or amino-telechelic poly(methyl acrylate)s (PMAs) are prepared by SET-
LRP with MDCA as bifunctional initiator or 2-hydroxyethyl 2-bromoisobutyrate 
(HEBIB) as hydroxyl- and halogen-functional initiator followed by NS with n-
butylamine, 2-methylamino ethanol or 3-amino-1-propanol.   
 
The preparation of polyurethanes based on hydroxyl-telechelic PMAs by polyaddition 
of hydroxyl-telechelic PMAs to different diisocyanates followed by chain extension 
with the corresponding diamines is exposed in Chapter 5. In order to obtain hydroxyl-
telechelic PMAs, SET-LRP of MA was performed with HEBIB as hydroxyl- and 
halogen-functional initiator followed by nucleophilic substitution of the halogen end-
groups with 3-amino-1-propanol in a two-step reaction or by azidation and click 
reaction with sodium azide and propargyl alcohol in an one-pot reaction. 
 
The polyurethanes based on PMAs and different diisocyanate/diamine combinations 
are evaluated in Chapter 6 for application in hair cosmetics. PUs based on PMA, 
isophorone diisocyanate and isophorone diamine are tested on hair. To compare 
their properties with PUs present on the market, PUs based on polyester-diols 
(poly(ε-caprolactone)) and polyether-diols (poly(THF)) are prepared by polyaddition 
and evaluated on hair.  
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1 Introduction 
 
Polyurethanes (PUs), discovered by Otto Bayer in 1937, were obtained by reaction of 
polyols with polyisocyanates. Depending on the structure, the composition 
(ratio -OH/-NCO) and the nature of starting materials, PUs possess versatile 
properties. For this reason, PUs are used in various forms in different domains: PU 
soft-foams are found in mattresses, PU hard-films are provided for paints and PU 
elastomers are present to assemble some parts of shoes.1  
 
Recently, polyurethanes are employed also in cosmetic applications. For most of 
them, they are used as film-formers for sun creams, hairstyling products, mascara, 
etc. PUs are developed for cosmetic applications because they provide a good 
flexibility and they are easy-to-use in water containing formulations. PU film-formers 
are prepared by reaction of polydiols with diisocyanates – to form a prepolymer – 
followed by chain extension with a small bifunctional molecule with hydroxyl or amino 
groups. By this setting, multiblock polyurethanes are formed with soft and hard 
segments: soft segments refer to polydiol parts while hard-segments to polyurethane 
segments obtained from diisocyanates and chain extenders. Commonly, polydiols 
are polyesterdiols or polyetherdiols.2,3 To the best of our knowledge, polyacrylates 
have not been yet applied as soft segments in PU structures. However, polyacrylates 
have good properties for cosmetic applications: they are often used in hairstyling 
products because of their good holding properties. Polyurethanes based on 
polyacrylates can potentially provide products with good holding and flexibility.  
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The goal of our project is the preparation of multiblock polyurethanes based on 
poly(methyl methacrylate) (PMMA) or poly(methyl acrylate) (PMA) for cosmetic 
applications, particularly for hairstyling application. The synthetic strategy for 
multiblock polyurethanes or polyureas comprises the polyaddition of well-defined 
hydroxyl- or amino-telechelic PMMAs or PMAs with diisocyanates (Scheme 1).  
 
The functional-telechelic PMMAs or PMAs are prepared by post-polymerization 
modification – as for example nucleophilic substitution – of halogen-telechelic or 
mixed halogen- and functional-telechelic PMMAs or PMAs; while diisocyanates are 
commercially available. However, a successful polyaddition reaction can occur only if 
the starting materials are bifunctional and if equimolar amounts of monomers are 
used. Therefore halogen-telechelic or mixed halogen- and functional-telechelic 
PMMAs and PMAs with well-defined molecular weight (Mn ≈ 2000 g/mol), narrow 
dispersity and end-group functionality of exactly two should be obtained by controlled 
radical polymerizations. 
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Scheme 1. Retro-synthesis of polyurethanes and polyureas based on methyl methacrylate 
(MMA) or methyl acrylate (MA) 
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2 Controlled radical polymerizations 
 
Controlled radical polymerization procedures are based on the same principle as 
conventional free radical polymerization. Free radical polymerization is a chain 
growth polymerization reaction composed of 3 steps (Scheme 2): initiation (1), 
propagation (2) and termination (3).4 
 
(1)  
(2)  
(3) 
 
Scheme 2. Steps of free radical polymerization 
 
In the initiation step, radicals are produced by thermal, redox or photochemical 
methods. In the propagation step, chains grow up by addition of monomers to the 
active radicals. Finally, termination reactions occur by recombination (two radicals 
combined) or by disproportionation of the growing radicals. Although radical 
polymerizations can be used with a large variety of monomers, the lack of control of 
the molecular weight and the most probable polymer distribution makes it 
inapplicable for the preparation of complex polymer architectures.  
 
Controlled radical polymerization (CRP) is based on an equilibrium between 
propagating radicals and “dormant” species (Scheme 3).  
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Scheme 3. General principle of controlled radical polymerization 
 
The existence of this equilibrium allows to have a low concentration of active radicals 
which limits termination or transfer reactions. In order to obtain a narrow molecular 
weight distribution the exchange reactions between propagating radicals and 
“dormant” species must be sufficiently fast. For these reasons CRP provides well-
defined molecular weight of polymers with a low dispersity and retention of end-group 
functionality. However in CRP, termination reactions are impossible to be entirely 
suppressed and special process conditions – inert atmosphere for example – are 
required.4-6 
 
Some experimental criteria, reported for example by Quirck and Lee,7 can confirm 
the behavior of controlled radical polymerization: 
1) Polymer chains grow, while monomers are present in the medium.  
2) Molecular weight increases linearly with conversion. 
3) Number of polymer molecules is constant with time. 
4) Molecular weight can be controlled by the stoichiometry of the reaction. 
5) Dispersity (Ð = Mw/Mn) is low (Ð < 1.5). 
6) Sequential monomer additions can produce block copolymers. 
7) Functional-telechelic polymers can be performed in quantitative yields.  
The experimental observation of one of these criteria is not sufficient to confirm the 
behavior of a controlled radical polymerization.   
 
Chapter 2 
 
 
15 
 
Four controlled radical polymerization procedures have been thoroughly investigated 
in recent years. These techniques are based on two modes of reactions: reversible 
termination or reversible chain transfer reaction.  
 
2.1 Nitroxide-mediated polymerization (NMP) 
 
In 1985 the first example of controlled radical polymerization using nitroxides was 
reported by Solomon et al. in a patent literature.8 This system is based on a 
reversible activation/deactivation of propagating radicals and dormant alkoxyamines 
(Scheme 4).9  
 
Scheme 4. Principle of nitroxide-mediated polymerization (NMP) 
 
Initiation of this polymerization occurs by thermal decomposition of an alkoxyamine or 
a conventional radical initiator, for example AIBN.4,10 In both cases the propagating 
chains are deactivated by a stable nitroxide radicals – commonly, (2,2,6,6-
tetramethylpiperidin-1-yl)oxy (TEMPO) (1 – Scheme 5).  
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Scheme 5. Chemical structures of persistent radicals for NMP 
 
Nitroxide radicals are stable due to the steric hindrance achieved by the four methyl 
groups. Usually high temperature (125°C - 145°C) and long reaction time (1 - 3 days) 
are required for NMP with TEMPO.4  
 
The polymerization of MMA by NMP using TEMPO as persistent radical is a real 
challenge due to disproportionation of propagating radicals and nitroxides to form 
alkene functionalized-PMMAs and the corresponding hydroxylamines.11,12  
Charleux et al.13 developed a method to polymerize MMA using the nitroxide SG1 (N-
tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)nitroxide) (2 – Scheme 5) based 
alkoxyamine. Polymerization reactions are usually performed at 90°C with N-(2-
methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl) hy-
droxylamine (MAMA-alkoxyamine – 3 – Scheme 6) as initiator and with a small 
amount of styrene (< 8.8 mol%) in order to obtain a better control of polymerization. 
Chain extensions with styrene to form a block copolymer – P(MMA-co-S)-b-PS – 
were easily achieved and proved the livingness of the P(MMA-co-S) chains. 
However, homopolymers of MMA were not obtained by this procedure.  
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Scheme 6. Chemical structures of alkoxyamines, nitroxide radicals and nitroso compounds in 
combination with azo-initiator 
 
More recently and in order to perform homopolymerization of MMA, new 
alkoxyamines (or nitroxide radicals) were synthesized as for example aryl-nitroxides 
(2,2-diphenyl-3-phenylimino-2,3-dihydroindol-1-yloxyl nitroxide (DPAIO), 4 – 
Scheme 6),14 or nitroso-compounds in combination with azo-initiators.15, 16 The latter 
system with methyl-2-methyl-3-nitro-2-nitroso-propionate (NMMA, 5 – Scheme 6) 
which was the cheapest compound permitted a controlled radical polymerization of 
MMA in the presence of 2,2’-azobis(4-methoxy-2,4-dimethyl valeronitrile (V70, 6 – 
Scheme 6) at low temperature (40-50°C). The livingness of the obtained PMMA was 
tested by chain extension – addition of more MMA; the molecular weight of PMMA 
increased from 1900 g/mol up to 82600 g/mol.16 
 
However, NMP is not reliable and technically not attractive. A more complex method 
regarding the setting-up and the purification is preferred if it permits the preparation 
of more versatile products.  
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2.2 Atom Transfer Radical Polymerization (ATRP) 
 
In 1995, a second technique of controlled radical polymerization, namely ATRP, was 
discovered independently by K. Matyjaszewski and M. Sawamoto.17-19 This method is 
based on reversible activation/deactivation of propagating radicals and dormant 
species generated by a redox reaction which is catalyzed by transition metal 
compounds (Scheme 7).20  
 
 
Scheme 7. Principle of atom transfer radical polymerization (ATRP) 
 
The polymerization is initiated by transfer of a halogen atom from the initiator to a 
metal catalyst in order to form the propagating radical. The metal catalyst which 
forms a complex with the ligand is oxidized to a higher oxidation state.  
Different transition metal catalysts are employed in ATRP such as ruthenium (II), 
iron (II), copper(I), nickel (II), etc. – commonly Cu(I) is used.21 These Cu(I) catalysts – 
generally in the form of CuBr or CuCl – are combined with a ligand, helping their 
solubilization and regulating their catalytic activity.22 For Cu-mediated ATRP, 
nitrogen-based multidentate ligands are effective to perform controlled radical 
polymerization.22 Matyjaszewski and Thang22 determined the activation rate 
constants for multidentate ligands with ethyl bromoisobuyrate (EtBIB, 7 – Scheme 8) 
as initiator in a Cu-mediated system in acetonitrile at 35°C. However for each 
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polymerization system, several ligands could be used – the most studied ligand is 
2,2’-bipyridine (Bpy, 8 – Scheme 8).  
 
Scheme 8. Chemical structures of initiator and ligand used in ATRP 
 
The structure of initiators – or alkyl halides – influences the initiation: (i) the degree of 
substitution – halogen atoms linked to a tertiary carbon atom are transferred to the 
metal catalyst much easier than halogen atoms linked to a secondary or primary 
carbon atom; this correlates with the bond dissociation energy which decreases in 
the order primary carbon atom-halogen, secondary carbon atom-halogen and tertiary 
carbon-halogen bond – (ii) the leaving halogen atom – bromine atoms are more 
efficient than chlorine atoms due to the lower binding energy of the bromine atom – 
(iii) the radical stabilizing groups – a cyano group promotes higher stabilization of 
radicals than an ester group or a phenyl group.23 In addition, ATRP depends strongly 
on the temperature, solvent used and pressure. Commonly, ATRP polymerizations 
are performed between 60°C and 120°C in organic solvents.4 Almost all monomers 
can be polymerized by ATRP except acidic monomers which protonate the ligand, 
and dienes which replace the ligand from the metal center.23 The most studied 
monomers are (meth)acrylates.17-19,24-31  
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2.3 Reversible Addition-Fragmentation chain Transfer 
(RAFT) 
 
RAFT was first described in 1998 by Rizzardo, Moad, Thang et al.6 This 
polymerization is based on a reversible addition-fragmentation of a RAFT-agent 
(Scheme 9) – also called Chain-Transfer Agent (CTA) – which is a thiocarbonylthio 
compound.32 Thiocarbonylthio compounds are essentially dithioesters, xanthates, 
trithiocarbonates or dithiocarbamates. 
 
 
Scheme 9. Principle of reversible addition-fragmentation chain transfer (RAFT) 
polymerization 
 
The initiating radical is produced by decomposition of a conventional initiator – azo or 
peroxo compounds are used.6 The polymerization is controlled by the CTA which is 
able to form the RAFT-adduct radical by addition of the propagating radical. By 
fragmentation of the RAFT-adduct radical a new radical (R•) is formed. The new 
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radical reinitiates the polymerization in order to build another polymeric propagating 
radical. There is an equilibrium between polymeric propagating radicals and their 
corresponding dormant species by addition-fragmentation. At high monomer 
conversion, the majority of polymer chains are end-capped with thiocarbonylthio 
groups.32 
RAFT is known to be a versatile polymerization procedure in which a large variety of 
monomers can be used – also acrylates and methacrylates.6,33,34   
 
However, this method requires the synthesis of the RAFT-agent because only few 
agents are commercially available. Moreover, polymer-chains are initiated by both 
conventional initiator and RAFT-agent which can complicate future post-
polymerization modifications to obtain telechelic polymers with well-defined end-
group functionality.   
 
2.4 Single Electron Transfer – Living Radical 
Polymerization (SET-LRP) 
 
In 2002, Percec et al. published the first paper on SET-LRP.35 This polymerization is 
initiated by an electron transfer from Cu(0) to the initiator in order to form a radical-
anion intermediate ([Pn--X]
•─) and the countercation (Cu+). These intermediates 
decompose into a propagating radical (Pn
•) and the Cu(I)X. The Cu(I)X species 
disproportionate spontaneously into Cu(0) activator and Cu(II) deactivator in order to 
reinitiate or deactivate the polymerization, respectively (Scheme 10).36,37  
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Scheme 10. Principle and catalytic cycles of single electron transfer - living radical 
polymerization (SET-LRP)
36
 
 
The electron-donor Cu-catalyst in form of Cu(0) powder, Cu(0) wire, Cu2Se, Cu2Te, 
Cu2S or Cu2O activates the polymerization;
36 usually Cu(0) wire is employed. The 
polymerization is performed in the presence38 or in the absence39 of deactivator 
species – Cu(II)X2. Supplementary addition of the deactivator should improve the 
control of the polymerization. In order to solubilize the Cu(I) and Cu(II) salts during 
the reaction, N-containing ligands are required – commonly tris[2-
(dimethylamino)ethyl] amine (Me6TREN, 9 – Scheme 11) is used.  
 
Scheme 11. Chemical structure of the ligand commonly used in Cu-mediated CRP 
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Almost all alkyl halides can be used as initiators – those usually employed for ATRP 
as well as the haloforms (CH-X3).
36 In the literature40 Percec recommended to use 
chloro-initiators for polymerization of methacrylates and bromo- or iodo-initiators for 
the polymerization of acrylates and vinyl chloride.  
The majority of SET-LRP are performed at room temperature up to 60°C. Polar 
solvents are required for this procedure – such as water, DMSO, fluorinated alcohols 
(e.g. TFP, TFE), etc. – in order to promote the disproportionation of Cu(I) and to 
provide complete retention of the halogen chain-ends.41 This requirement limits the 
polymerization because not all monomers are soluble in polar solvents. However, 
poly(methyl methacrylate)s and poly(methyl acrylate)s are easily prepared in DMSO, 
methanol or fluorinated alcohols (sometimes the addition of small amounts of water is 
required).42-45  
 
3 Synthesis of amine/alcohol functional 
telechelic poly(meth)acrylates 
 
Functional telechelic polymers are linear polymers which have reactive groups at 
both chain-ends. The functionality of a telechelic polymer is equal to 2 and 
determined by the equation (Eq 1):46  
 
           Eq 1 
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Amino- or hydroxyl-telechelic poly(methyl methacrylate)s or poly(methyl acrylate)s 
are interesting polymers for the preparation of multiblock copolymers by polyaddition 
or polycondensation – for example multiblock polyurethanes. With the aim of 
preparing polyurethanes industrially all starting materials should be commercially 
available and inexpensive. Furthermore, the synthesis of these polymers should be 
simple – two steps maximum.  
Two synthetic strategies can be applied to prepare telechelic polymers: (i) initiation 
with functional initiators – for ATRP and SET-LRP – or functional CTAs – for RAFT; 
and (ii) post-polymerization modifications to convert halide end-groups – for ATRP 
and SET-LRP – or dithiocarbonyl end-groups – for RAFT.  
 
3.1 Initiators for ATRP or SET-LRP 
 
Two types of initiators can be employed to prepare telechelic polymers: functional 
initiators which provide monodirectional chain growth or bifunctional initiators which 
perform bidirectional chain growth reactions.  
Amino-functional initiators are rarely used for the initiation of CRP without protection 
because amino-groups can react with halogen groups by nucleophilic substitution 
and in addition can replace the ligand from the metal center. Only two aminophenyl 
initiators (10 and 11 – Scheme 12) are reported in literature47,48 – certainly due to the 
influence of the phenyl group, the amino groups are less nucleophilic; however, none 
of them is commercially available.  
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Scheme 12. Chemical structures of aminophenyl substituted initiators used in Cu-mediated 
CRP 
 
Hydroxyl-functional initiators which are able to initiate controlled radical 
polymerization of polyacrylates46 and are commercially available are listed in Table 1.  
 
Table 1. Hydroxyl-functional initiators for ATRP or SET-LRP 
Initiators Name Literature 
 
2,2,2-tribromoethanol 
26 
 
2,2,2-trichloroethanol 
30,49 
 
2-hydroxyethyl-2-bromoisobutyrate (HEBIB) 
24,50,51 
 
4-chlorobenzenesulfonyl chloride (HBSC) 
52 
 
3,5-dichloro-2-hydroxybenzenesulfonyl 
chloride 
52 
 
In order to obtain linear telechelic polymers after post-polymerization modifications 
only HEBIB and HBSC can be employed for ATRP or SET-LRP. The other initiators 
will give a functionality of 4 after conversion of the halogen end-groups.  
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Bifunctional initiators are interesting because the reactivity at both polymer chain-
ends is exactly the same. Dichloro- or dibromo-initiators which are commercially 
available are presented in Table 2.  
 
Table 2. Bifunctional initiators for ATRP or SET-LRP 
Initiators Name Literature 
 
methyl dichloroacetate (MDCA) 
53,54 
 
ethylene bis(2-bromoisobutyrate) 
30 
 
diethyl-2,5-dibromohexanedioate 
26 
 
phenoxybenzene-4,4’-disulfonyl 
chloride (PDSC) 
36,55 
 
α,α-dichlorotoluene 29 
 
The cheapest initiator (≈ 12.5 €/L by Aldrich) and the more easily available is methyl 
dichloroacetate (MDCA) which is able to initiate polymerizations of methyl 
methacrylate and n-butyl acrylate.53,54   
 
3.2 Chain Transfer Agents (CTAs) and initiators for RAFT 
polymerization 
 
In RAFT polymerizations functional end-groups are introduced by the chain transfer 
agent and the initiator. As reported in paragraph 2.3, the majority of polymer chains 
are initiated by the CTAs; only a small part of polymer chains is initiated by the 
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conventional initiator.32 In order to obtain telechelic polymers, hydroxyl functional 
CTAs are employed: (4-cyano-1-hydroxypent-4-yl) dithiobenzoate (12 – Scheme 13) 
and 2-[N-(2-hydroxyethyl)carbamoyl]prop-2-yl dithiobenzoate (13 – Scheme 13) are 
reported in literature6,33,34 for RAFT polymerizations of MMA. However, these chain 
transfer agents are not commercially available. 
 
  
Scheme 13. Chemical structures of hydroxyl mono and bifunctional CTAs used in RAFT   
polymerization 
 
One bifunctional hydroxyl CTA is described in the literature56 – S,S’-bis(2-
hydroxylethyl-2’-butyrate)trithiocarbonate (14 – Scheme 13) – for the polymerization 
of methyl acrylate or styrene but this CTA is not commercially available. However, if 
this initiator is used, the trithiocarbonate group is included in the middle of the 
polymer chain which upon reaction with amines cleaves the polymer chain generating 
thiol groups.  
 
Furthermore in the RAFT reaction, the initiation step is started by a conventional 
thermal initiator – commonly AIBN – that means a small part of polymer chains is 
initiated by this conventional initiator. In order to obtain well-defined telechelic 
polymers, a bifunctional azo-initiator can be used. The commercial 4,4’-azobis(4-
cyanopentanol) initiator (15 – Scheme 14) is reported in the literature for the 
polymerization of (meth)acrylates.34,57   
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Scheme 14. Chemical structure of the bifunctional azo-initiator used in RAFT polymerization 
 
Amino-functional initiators or CTA-agents can not be directly used in RAFT 
polymerizations due to incompatibility with thiocarbonylthio groups (trithiocarbonate 
groups).57 Their use requires a protection of amine groups – and the deprotection at 
the end of polymerization – which involves additional steps in the synthesis of 
telechelic polymers.  
 
3.3 Post-polymerization modifications  
3.3.1 Conversion of halogen groups to hydroxyl or 
amino groups after ATRP or SET-LRP 
 
Generally, two types of post-polymerization modifications were performed on halogen 
telechelic polymers obtained by ATRP or SET-LRP: nucleophilic substitution and 
ATRA (= Atom Transfer Radical Addition).  
The nucleophilic substitution (NS) promotes the conversion of halogen end-groups 
with an excess of amine (10- to 25-fold) in DMSO at room temperature for more than 
48 hours and sometimes in presence of a catalyst – such as triethylamine (TEA). In 
the literature, hydroxyl-telechelic polymers were obtained by NS with 
ethanolamine27,58 and 5-amino-1-pentanol51,59 as nucleophile. However using these 
reagents, both the newly formed secondary amine and alcohol groups will be present 
at the polymer chain end: if halogen telechelic polymers are converted by NS, the 
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telechelic polymer which will be obtained will have a total functionality of 4. Therefore, 
ethanolamine or 5-amino-1-pentanol cannot be used. Nevertheless, other 
nucleophiles such as primary amines (e.g. n-butylamine58) could be employed in NS 
to obtain amino-telechelic polymers.  
The second way to perform the post-polymerization modification is the Atom Transfer 
Radical Addition (ATRA) which is based on the same mechanism as ATRP, but the 
addition of a less reactive monomer – such as allyl alcohol - will stop the 
polymerization because this kind of monomers is not able to perform a 
homopolymerization. In the literature,27 allyl alcohol is added at the end of the 
polymerization with a small amount of Cu(0).  
 
In 2011, Vermonden et al.60 showed that ATRP, halogen substitution by azide and 
Copper-catalyzed Azide-Alkyne Cycloaddition (CuAAC) “click” reaction can be 
performed in an one-pot procedure. After reaching 80 % conversion of oligo(ethylene 
glycol) monomethyl ether methacrylate used as monomer by ATRP, an excess of 
sodium azide was added to the mixture. After quantitative conversion of halogen 
groups yielding azide groups (5 min), the dansylpropargyl-amide which is a 
fluorophore was added to perform the “click” reaction. The total conversion of this 
one-pot three steps reaction studied by fluorescence spectroscopy was estimated to 
be 70%. The same procedure with N-isopropylacrylamide (NIPAm) as monomer and 
Me6TREN as ligand – instead of bipyridyl – yielded quantitative conversion. 
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3.3.2 Conversion of thiocarbonylthio groups to 
hydroxyl or amino groups after RAFT 
polymerization 
 
Thiocarbonylthio groups were removed by different methods as presented in the 
review of Moad et al. (Scheme 15):61 aminolysis, thermolysis, radical-induced 
reduction of thiocarbonylthio groups to hydrogen with hydrogen-donor transfer 
agents, radical addition-fragmentation-coupling by addition of an excess of radical 
initiator, reaction with oxidizing agents, etc. In order to obtain amino- or hydroxyl-
telechelic polyacrylates, aminolysis and radical addition-fragmentation coupling are 
the most relevant methods.  
 
 
Scheme 15. Examples of processes for thiocarbonylthio group conversion on PMMA chains 
(R and Z = part of the RAFT-agent, Nu = nucleophile, R’
• 
= radical, [H] = hydrogen-donor 
transfer agent) 
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Hydroxyl-telechelic poly(methyl methacrylate)s obtained by RAFT followed by 
aminolysis and Michael addition was described by the group of Van der Linde.34 They 
prepared PMMA by RAFT with (4-cyano-1-hydroxypent-4-yl) dithiobenzoate (12 – 
Scheme 16) as RAFT-agent and 4,4’-azobis(4-cyanopentanol) (15 – Scheme 16) as 
thermal initiator. After polymerization aminolysis with 1-hexylamine was performed to 
convert the dithiobenzoate group into thiol group. In order to obtain hydroxyl groups 
at both chain ends the Michael addition – addition of unsaturated compounds on thiol 
groups in presence of catalyst – was performed with 2-hydroxyethyl acrylate 
(Scheme 16). However, at the end of this modification using DABCO (1,4-
diazabicyclo[2.2.2]octane) as catalyst only 66.7% of polymer chains were 
bifunctional.   
 
Scheme 16. Preparation of hydroxyl telechelic PMMAs by RAFT polymerization followed by 
aminolysis and Michael addition34 
 
More recently, hydroxyl-telechelic poly(hexyl acrylate)s were obtained by RAFT 
polymerization followed by a radical exchange reaction using an excess of functional 
initiator.57 As RAFT-agent was used (4-cyano-1-hydroxypent-4-yl) dithiobenzoate (12 
– Scheme 16) and as thermal initiator 4,4’-azobis(4-cyano-1-pentanol) (15 – Scheme 
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16). Afterwards, excess of 15 was added in order to induce an addition-fragmentation 
coupling. UV-Vis spectroscopy measurements proved that complete removal of 
dithiobenzoate groups by the absence of absorption bands for the aromatic groups.  
 
In conclusion, ATRP and SET-LRP seem to be more suitable methods to prepare 
hydroxyl- or amino-telechelic poly(methyl acrylate)s or poly(methyl methacrylate)s 
than RAFT. The latter method requires the synthesis of the majority of RAFT-agents 
or/and functional initiators; and post-polymerization modifications also limit the use of 
RAFT for our project. 
 
4 Restriction for cosmetic application 
 
The main limitation of the use of ATRP or SET-LRP for the preparation of telechelic 
poly(methyl)acrylates is the toxicity of the final products containing copper which 
might compromise their commercialization, especially in the cosmetic domain. For 
hair cosmetic applications, copper is authorized by European Cosmetic Directives 
(Annex IV of Cosmetic Directive 76/768/CEE modified) to be used as dye to color 
hairs. Even though we do not find any limitation of this catalyst in the recent 
European Directives, the use of copper and its derivatives must be limited for 
cosmetic applications – however, according to a German law of 1990 the quantity of 
copper catalyst has to be below 200 ppm.62  
 
Removing or reducing catalyst residues can be done by two general techniques: (1) 
post-polymerization purifications – such as reprecipitation of the polymer, passing 
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through an alumina column or washing – but these methods are only suitable for 
laboratory scale; (2) biphasic catalysis – such as using ionic liquids or supported 
catalysts.63 Recently, new ATRP systems are developed by Matyjaszewski et al.23 to 
reduce the amount of catalyst: (i) Activators Regenerated by Electron Transfer 
(ARGET) ATRP, (ii) Initiators for Continuous Activator Regeneration (ICAR) ATRP, 
(iii) electrochemical ATRP (eATRP) and (iv) Supplemental Activator and Reducing 
Agent (SARA) ATRP.  
 
Three methods are available for large scale application: (i) soluble supported 
catalysts; (ii) immobilized/soluble hybrid catalysts or (iii) new ATRP systems.23,63  
 
Soluble supported catalysts are based on poly(ethylene)-b-poly(ethylene glycol)s 
which are soluble in toluene at high temperature and insoluble at RT. However, the 
preparation of supported catalysts requires two steps (Scheme 17) – functionalization 
of commercial block copolymers with acryloyl chloride on which N,N,N′,N′-
tetraethyldiethylenetriamine (TEDETA, 16 – Scheme 18) as ligand was grafted.64 The 
PE25-PEG4-TEDETA was one of the best supported catalysts for CuBr in the ATRP of 
MMA regarding the control of molecular weight and distribution. At full monomer 
conversion the catalyst was removed at 0°C and the concentration of residual copper 
was determined to be 12.6 ppm. The supported catalyst was recycled.    
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Scheme 17. Preparation of supported catalysts64 
 
Immobilized/soluble hybrid catalyst systems were developed by Matyjaszewski et 
al.65,66 which consist of CuBr/Ligand-1 (e.g. 4,4′-dimethyl-2,2′-bipyridine (dMbpy, 17 – 
Scheme 18) or N,N-bis(2-pyridylmethyl) ethylamine (18 – Scheme 18)) attached to a 
solid support (polystyrene beads or silica gel) and a small amount of CuBr2/Ligand-2 
(dMbpy, 4,4′-di(n-nonyl)-2,2′-bipyridine (dNbpy, 19 – Scheme 18), N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA, 20 – Scheme 18) or Me6TREN). A lot of 
systems were tested but in general with this method a small amount of copper 
catalyst (< 100 ppm) was used and found in the final product at the end of 
polymerization. However, this method requires also two steps to prepare the 
supported catalyst.  
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Scheme 18. Chemical structures of ligands used for ATRP 
 
ARGET ATRP, ICAR ATRP, SARA ATRP and eATRP are based on the following 
principle: Cu(II) is reduced to Cu(I) by a reducing agents or external stimulus 
regenerating the activator for ATRP. In ARGET ATRP, reducing agents can be tin 2-
ethylhexanoate,67 ascorbic acid,68 methylaluminoxane,69 etc.; while in ICAR system 
the reducing agent is a radical initiator such as AIBN. In both ATRP systems, a large 
excess of reducing agents is added. In SARA ATRP, a metal – Cu(0), Mg(0), Fe(0) or 
Zn(0) – which is added in the reaction mixture, reduces Cu(II) through 
comproportionation.23,70 In eATRP electrons are introduced by electrical current 
which permits the reduction of Cu(II) to Cu(I). The big advantage of the latter method 
is the absence of side products at the end of the polymerization – with ARGET, ICAR 
and SARA systems oxidized products (e.g. dehydroascorbic acid or tin (IV) species), 
new polymer chains and metal halides are formed, respectively.23 Usually controlled 
polymerizations of styrene, acrylates or methacrylates were performed by these 
different methods with very active ligands – such as Me6TREN or tris(2-
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pyridylmethyl)amine (TPMA, 21 – Scheme 18) and a small amount of CuX2 (< 50 
ppm) instead of CuX. 
 
The difference between SET-LRP and SARA ATRP is a controversial issue.71,72    
 
5 Polycondensation and polyaddition 
 
Polycondensation and polyaddition are step growth polymerizations in which one or 
several monomers carrying at least 2 functional groups react with each other to 
produce high molecular weight polymers. If the reaction produces a low molecular 
weight side product, the polymerization is called polycondensation. In the case of 
polyurethanes or polyurea obtained by reaction of diisocyanates and diols or 
diamines, no additional molecule is formed: it is a polyaddition.  
 
Commonly polyurethanes or polyureas are obtained by reaction of diisocyanates and 
diols or diamines. For more complex structures polyurethanes can be obtained by 
polyaddition in two steps: first a prepolymer is formed by the reaction of a functional 
polymer with an excess of diisocyanate, then a chain extender is added to form a 
high molecular weight polyurethane (Scheme 19).73 
 
 
Scheme 19. Simplified synthesis of polyurethanes or polyureas 
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The properties of the final polyurethane depend on the nature and the structure of the 
starting materials. Toluene diisocyanate (TDI), isophorone diisocyanate (IPDI), 
methylene diphenyl diisocyanate (MDI), hydrogenated methylene diphenyl 
diisocyanate (HMDI) or hexamethylene diisocyanate (HDI) are usually used as 
diisocyanates; while polyesters, polyethers and polycarbonates with molecular 
weights between 500 and 5000 g/mol are employed as diol functional polymers.  The 
chain-extender is a low molecular weight diol or diamine. For some functional 
polymer/diisocyanate systems, the use of catalysts is recommended to accelerate the 
reaction – generally dibutyltin dilaurate (DBTDL), tin(II) 2-ethylhexanoate (Sn(Oct)2) 
or triethylamine (TEA) are used. In the ideal case the functional groups react until all 
reactive groups are consumed. 
 
The average molecular weight of polyurethanes (       ) is determined by the equation 
(Eq 2):  
         Eq 2 
 
M0 is the molecular weight of the repeating unit.  
To determine the degree of polymerization (     ), three systems are distinguished: 
stoichiometric systems with bifunctional monomers, non stoichiometric systems with 
bifunctional monomers and system with multifunctional monomers. For linear 
polyurethanes, only bifunctional monomers can be used.  
In the case of stoichiometric systems – the number of function A groups is equal to 
the number of function B groups (where function A is able to react with B), the degree 
of polymerization is defined by the Carothers equation (Eq 3):  
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       Eq 3 
 
In the equation, p is the conversion.  
In the case of non-stoichiometric systems – one monomer is in excess, Carothers 
equation becomes (Eq 4):  
 
      Eq 4 
 
In the equation, r is stoichiometric ratio (r = n0(A)/n0(B) if n0(A) < n0(B) – r < 1). 
However in this case, the degree of polymerization is directly related to the 
stoichiometric ratio of functional groups by an exponential curve (Figure 1).  
 
 
Figure 1. Effect of the stoichiometric ratio on the degree of polymerization of the 
polycondensation (if p=1) 
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That means if the stoichiometric ratio is lower than 1, the degree of polymerization 
can decrease dramatically. In order to obtain high molecular weight polymers, only 
bifunctional monomers can be used for polyaddition and the ratio of reacting 
functional groups should be close to unity. 
 
6 Conclusions 
 
In order to achieve high molecular weight polyurethanes or polyureas by polyaddition 
using hydroxyl- or amino-telechelic poly(methyl acrylate)s or poly(methyl 
methacrylate)s, diisocyanates and diamines, we have to obtain well-defined 
functional-telechelic PMAs or PMMAs by CRP with end-group functionality of exactly 
two. Moreover the preparation of these polyurethanes should be technically 
applicable and useable in cosmetic applications.  
According to our literature search, NMP is not reliable for methyl methacrylate and 
not industrially attractive to be used for our project. Moreover, the use of RAFT 
polymerization is also limited by the commercial non-availability of starting materials 
for future industrialization of PUs. This method requires the synthesis of the majority 
of RAFT-agents or/and functional initiators.  
To conclude, ATRP and SET-LRP seem to be more suitable to prepare hydroxyl- or 
amino-telechelic poly(methyl (meth)acrylate)s. However, ATRP and SET-LRP are 
performed using copper catalysts, the quantity of which should be limited to a 
maximum of 200 ppm for cosmetic applications. New synthetic strategies were 
reported to reduce the copper content: soluble supported catalysts, 
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immobilized/soluble hybrid catalysts or new ATRP systems; nevertheless these 
methods will not be applied in this thesis.  
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Chapter 3 
 
MALDI-TOF Analysis of Halogen 
Telechelic Poly(methyl methacrylate)s and 
Poly(methyl acrylate)s prepared by Atom 
Transfer Radical Polymerization (ATRP) or 
Single Electron Transfer - Living Radical 
Polymerization (SET-LRP) 
 
ABSTRACT: Poly(methyl methacrylate)s (PMMA)s and poly(methyl acrylate)s 
(PMA)s were prepared by Atom Transfer Radical Polymerization (ATRP) or Single 
Electron Transfer - Living Radical Polymerization (SET-LRP) using methyl 
dichloroacetate (MDCA) and ethyl dibromoacetate (EDBA) as bifunctional initiators. 
The chain-end functionality was determined by MALDI-TOF mass spectrometry. The 
target PMMA (Mn = 2000 g/mol) and PMA (Mn = 2000 g/mol) samples obtained by 
ATRP of MMA and MA with MDCA as initiator had 12 mol% and 81 mol% bis-chloro 
end-groups, respectively; those prepared by SET-LRP had 57 mol% and 100 mol% 
bis-chloro end-groups, respectively. The PMMAs obtained by ATRP or SET-LRP with 
EDBA had no bromine end-groups.  
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1 Introduction 
 
Controlled radical polymerizations, as for example Atom Transfer Radical 
Polymerization (ATRP) and Single Electron Transfer - Living Radical Polymerization 
(SET-LRP), are highly interesting methods for the polymerization of acrylates and 
methacrylates.1-10 At the time for ATRP and SET-LRP different mechanisms are 
discussed depending on the reaction conditions applied. For ATRP – developed in 
19954 – the mechanism is based on a dynamic equilibrium between dormant species 
and propagating radicals generated by a redox process which is catalyzed by 
transition metal compounds – commonly Cu(I) is used as catalyst.5 In the initiation 
step a halogen atom is transferred from the initiator to a metal catalyst which is 
oxidized to a higher oxidation state. The organic transient radical formed in this 
process initiates polymerization. In SET-LRP – first reported in 200211 – the initiation 
reaction is induced by an electron transfer from Cu(0) to the initiator. The radical 
anion formed transfers the halogen anion to the newly formed Cu(I) species – the 
remaining transient radical initiates polymerization.12 The in situ generated Cu(I)X 
(X = Cl or Br) disproportionates into Cu(0) activator and Cu(II)X2 deactivator
8 in the 
highly polar medium – often an aqueous medium.13-15 Both living radical 
polymerization processes are known to provide a well-control molecular weight with a 
low dispersity (Ð = Mw/Mn). However, a systematic analysis and comparison of the 
end-group functionality for both monomers and chlorine and bromine containing 
dormant species are missing. 
 
Bifunctional initiators are used to prepare telechelic polymers or tri-block 
copolymers.16-24 These initiators are attractive since they induce a bidirectional chain 
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growth with the same reactivity at both polymer chain ends. Such polymers are of 
interest for post-polymerization modification – especially for the preparation of tri-
block copolymers prepared by chain growth and step growth polymerization 
reactions. For step growth polymerization – polycondensation or polyaddition 
reactions – the degree of polymerization strongly depends on the functionality of the 
starting materials and the ratio of reacting functional groups. For high molecular 
weight products mono-functional building blocks must be excluded and the ratio of 
reacting functional groups must be equal to unity.   
 
In our group telechelic poly(methyl methacrylate)s (PMMAs) were obtained by ATRP 
with dichlorophenylmethane as initiator followed by ATRA (Atom Transfer Radical 
Addition) with allyl alcohol or allyl N-(4-tolyl)carbamate as end-capper. After 16h, the 
functionality of telechelic PMMA was determined by 1H NMR spectrometry to be 
75%.17 Recently, in the group of Haddleton25 hydroxyl-telechelic poly(n-butyl 
acrylate)s were obtained by SET-LRP of butyl acrylate with ethylene bis(2-
bromoisobutyrate) as initiator followed by thio-bromine nucleophilic substitution using 
2-mercaptoethanol; the resulting telechelic poly(n-butyl acrylate)s were characterized 
by 1H NMR spectroscopy and MALDI-TOF mass spectrometry. According to MALDI-
TOF the major part of bromine end-groups were converted to hydroxyl groups. 
However, hydrogen terminated polymers were found as minor side products already 
during polymerization. The amount of telechelic polymers was not estimated.   
 
In the present communication we present results on the synthesis of poly(methyl 
methacrylate)s and poly(methyl acrylate)s by ATRP or by SET-LRP with methyl 
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dichloroacetate (MDCA) or ethyl dibromoacetate (EDBA) as bifunctional initiators with 
special emphasis on the end-group functionality determined by MALDI-TOF analysis.  
 
2 Experimental part 
 
Materials 
Methyl methacrylate (99%, Merck) and methyl acrylate (99%, Aldrich) were passed 
through a neutral aluminium oxide column before use. Methyl dichloroacetate (99%, 
Fluka), ethyl dibromoacetate (96%, Alfa Aesar), N,N,N’,N’’,N’’-pentamethyl-
diethylenetriamine (PMDETA) (99%, Lancaster), 2,2’-bipyridine (Bpy) (99%, Acros), 
tris[2-(dimethylamino)ethyl]amine (Me6TREN) (97%, Aldrich), copper wire (Cu(0)) (20 
gauge, Fischer), copper(I) bromide (CuBr) (98%, Sigma-Aldrich), copper(II) bromide 
(CuBr2) (99%, Aldrich), anisole (Aldrich), toluene (Aldrich) and DMSO (Acros) were 
used without purification.  
 
Measurements 
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded on a Bruker 
DPX-400 FT-NMR spectrometer. Deuterated chloroform (CDCl3) or deuterated 
dimethyl sulfoxide (DMSO-d6) were used as solvents. All spectra were referenced to 
residual proton signals of the deuterated solvents. For special experiments 13C NMR 
spectra were performed with 16 000 scans in order to reduce the signal-to-noise 
ratio.  
Size exclusion chromatography (SEC) measurements were performed at a flow rate 
of 1.0 mL/min at 20°C with chloroform (CHCl3) as eluent. The solvent contained 3,5-
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di-tert-butyl-4-hydroxytoluene (BHT) as internal standard. The SEC system was 
composed of a pre-column (8x50 mm) and four SDplus gel columns (8x300 mm). 
The diameter of the gel particles measured 5 µm and the nominal pore widths were 
50, 102, 103 and 104 Å. A high pressure liquid chromatography (HPLC) pump (PU-
2080plus, Jasco) with a refractive index detector (RI-2031plus, Jasco) and an 
evaporative light scattering detector (PL-ELS-1000, Polymer Laboratories) was used. 
Poly(methyl methacrylate) standards were used for calibration. The number-average 
molecular weight Mn, the weight-average molecular weight Mw, and the dispersity 
(Ð = Mw/Mn) were evaluated using the PSS WinGPC UniChrom software (Version 
8.1.1). 
MALDI-TOF (Matrix Assisted Laser Desorption Ionization, Time-of-Flight) 
measurements were carried out on a Bruker ultrafleXtreme equipped with a 337 nm 
smartbeam laser in the reflective mode. THF solutions of trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) (20 µL of 20 mg/mL), 
sodium trifluoroacetate (0.5 µL of 10 mg/mL) and analyte (5 µL of 10 mg/mL) were 
mixed; 1 µL of this mixture was applied on the sample plate. Cesium triiodide was 
used for calibration.  
 
General procedure for ATRP of MMA with MDCA 
MMA (4 mL, 37.2 mmol), CuBr (215 mg), PMDETA (310 µL), anisole (4 mL) and 
MDCA (154 µL, 1.5 mmol) were added to a 25 mL Schlenk flask. After degassing the 
solution three times by freeze-vacuum-thaw cycles the reaction flask was refilled with 
nitrogen gas. The sealed flask was immersed in an oil bath thermostated at 90°C and 
stirred for 90 min. The polymerization was stopped by cooling the reaction mixture to 
room temperature and exposition to air. For purification the polymer was dissolved in 
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dichloromethane and washed with 5 % aqueous HCl solution. The organic phase 
was separated and dried over MgSO4. Solvents and residual monomers were 
removed under vacuum. (This experiment was performed according to a procedure 
described by Matyjaszewski.)26 
The same procedure was applied for ATRP of MMA with EDBA and for ATRP of MA 
with MDCA. Experimental details for the polymerization are given in Table 1.  
 
Table 1. Experimental details for ATRP of MMA with ethyl dibromoacetate (EDBA) as initiator 
and of MA with methyl dichloroacetate (MDCA) as initiator 
Experiments Monomers Initiators Ligands CuBr Solvent 
T 
(°C) 
t 
(min) 
ATRP of MMA with 
EDBA as initiator 
MMA 
4 mL 
37.2 mmol 
EDBA 
120 µL 
0.93 mmol 
PMDETA 
194 µL 
 
 
134 mg 
 
anisole 
4 mL 
 
90 15 
ATRP of MA with 
MDCA as initiator 
MA 
2 mL 
22.2 mmol 
MDCA 
115 µL 
1.11 mmol 
Bpy 
347 mg 
 
 
159 mg 
 
toluene 
2 mL 
 
80 180 
 
 
General procedure for SET-LRP of MMA with MDCA 
MMA (2 mL, 18.8 mmol), MDCA (97.3 µL, 0.94 mmol), Me6TREN (30.1 µL), CuBr2 
(10.5 mg) and DMSO (2 mL) were added to a 25 mL Schlenk tube. After degassing 
the solution six times by freeze-vacuum-thaw cycles the reaction flask was refilled 
with nitrogen gas and activated Cu(0) wire (5 cm) was added under positive nitrogen 
pressure (the procedure to activate the Cu(0) wire is described on the literature27). 
After degassing the reaction mixture once more by freeze-vacuum-thaw cycles the 
sealed flask was refilled with nitrogen gas and stirred at 50°C for 135 min. The 
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polymerization was stopped by exposing the reaction mixture to air. For purification 
the reaction mixture was passed through a short neutral aluminium oxide column to 
remove residual CuBr2 deactivator. The polymer solution was diluted with 
dichloromethane and washed with 5 % aqueous HCl solution. The organic phase 
was separated and dried over MgSO4. Solvents and residual monomers were 
removed under vacuum. (This experiment was performed according to a procedure 
described by Haddleton.)7 
The same procedure was applied for SET-LRP of MMA with EDBA and for SET-LRP 
of MA with MDCA. Experimental details for the polymerization are given in Table 2.  
 
Table 2. Experimental details for SET-LRP of MMA with ethyl dibromoacetate (EDBA) as 
initiator and of MA with methyl dichloroacetate (MDCA) as initiator 
Experiments Monomers Initiators Me6TREN CuBr2 DMSO 
T 
(°C) 
t 
(min) 
SET-LRP of MMA with 
EDBA as initiator 
MMA 
2 mL 
18.8 mmol 
EDBA 
122 µL 
0.94 mmol 
 
30.1 µL 
 
 
11 mg 
 
 
2 mL 
 
50 130 
SET-LRP of MA with 
MDCA as initiator 
MA 
5 mL 
55.5 mmol 
MDCA 
287 µL 
2.78 mmol 
 
89.2 µL 
 
 
31 mg 
 
 
5 mL 
 
RT 120 
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3 Results and discussion 
 
The goal of our research is the preparation of multiblock polyureas based on 
poly(methyl methacrylate) (PMMA) or poly(methyl acrylate) (PMA) (Scheme 1). 
Multiblock polyureas are obtained by polyaddition of well defined amino-telechelic 
PMMAs or PMAs with diisocyanates. The amino-telechelic PMMAs or PMAs are 
prepared by post-polymerization modification – as for example nucleophilic 
substitution – of halogen-telechelic PMMAs or PMAs. However, a successful 
polyaddition reaction can occur only if the starting materials are bifunctional and if 
equimolar amounts of monomers are used (the ratio of functional groups [NCO]/[NH2] 
is equal to 1).  
 
Therefore the synthesis of PMMA and PMA samples with predetermined molecular 
weight, low dispersity and end-group functionality of exactly two is a prerequisite for 
well-defined polyureas. In order to obtain halogen-telechelic polymers with 
predetermined molecular weight, narrow molecular weight distribution and halogen 
atoms at both chain ends, controlled radical polymerizations – ATRP or SET-LRP – 
were performed. 
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Scheme 1. Retro-synthetic presentation of halogen telechelic poly(meth)acrylates as building 
blocks for polyureas 
 
In the present work we present results on the synthesis of low molecular weight 
halogen-telechelic PMMAs and PMAs (Mn = 2000 g/mol) by ATRP or SET-LRP 
protocols and compare the two procedures with respect to end-group functionality by 
MALDI-TOF.  
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From the literature (Matyjaszewski et al.26) it is known that MMA can be polymerized 
successfully using ethyl 2-bromoisobutyrate (EtBIB) as initiator, PMDETA as ligand 
for the copper catalyst and anisole as solvent. At 88% monomer conversion 
([MMA]0/[EtBIB]0 = 200) a PMMA of Mn = 27000 g•mol
-1 and Mw/Mn equal to 1.29 was 
obtained. We applied these conditions for the preparation of halogen-telechelic 
PMMAs by ATRP with bifunctional initiators. However, preparation of halogen-
telechelic PMAs under these conditions was not successful. By changing the ligand 
and the solvent – 2,2’-bipyridine instead of PMDETA and toluene instead of anisole – 
MA was polymerized up to a conversion of 77% in 180 min using the bifunctional 
initiators. Haddleton et al.7 prepared PMAs by SET-LRP with EtBIB as initiator and 
Me6TREN as ligand (0.09 eq., 0.12 eq., and 0.18 eq. with respect to the initiator) and 
analyzed the products by MALDI-TOF. Well-defined bromo-functional PMAs with 
lowest amounts of side products were obtained using 0.12 eq. of Me6TREN relative 
to the initiator.7 We used these conditions ([EtBIB]0/[CuBr2]0/[Me6TREN]0 = 
1/0.05/0.12) to obtain halogen-telechelic PMAs and PMMAs by SET-LRP with 
bifunctional initiators.  
 
3.1 ATRP of MMA and MA with methyl dichloroacetate and 
ethyl dibromoacetate as initiators 
 
PMMAs were prepared by ATRP of MMA with methyl dichloroacetate (MDCA)  or 
ethyl dibromoacetate (EDBA) as initiators and CuBr/PMDETA as catalyst in anisole 
at 90°C (Table 3 – entries 1 and 2 ); ATRP of MA initiated by MDCA was performed 
with CuBr/2,2’-bipyridine (Bpy) in toluene at 80°C (Table 3 – entry 3) following the 
procedure described in the literature.26  
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Table 3. ATRP of methyl methacrylate (MMA) or methyl acrylate (MA) initiated with methyl 
dichloroacetate (MDCA) or ethyl dibromoacetate (EDBA) 
N° 
Initiator 
(I) 
Monomer 
(M) 
[M]0/[I]0 
t 
(min) 
Conversion 
(%) 
Mn, th
(d)
 
(g/mol) 
Mn,NMR 
(g/mol) 
Mn,GPC
(e)
 
(g/mol) 
Mw/Mn
(e)
  
1 MDCA
(a)
 MMA 25 90 80 1700 2600 3500 1.2 
2 EDBA
(b)
 MMA 40 15 50 2200 1900 3500 1.2 
3 MDCA
(c)
 MA 20 180 77 1500 1400 1700 1.5 
a) [MMA]/[MDCA]/[CuBr]/[PMDETA] = 25/1/1/1, [MMA]0=4.4M and T=90°C in anisole (anisole/MMA 
(vol/vol)=1) 
b) [MMA]/[EDBA]/[CuBr]/[PMDETA] = 40/1/1/1, [MMA]0=4.4M and T=90°C in anisole (anisole/MMA 
(vol/vol)=1) 
c) [MA]/[MDCA]/[CuBr]/[Bpy] = 20/1/1/2, [MA]0=5.4M and T=80°C in toluene (toluene/MA (vol/vol)=1) 
d) Mn,th=([M]0/[I]0) x conversion x M(M)+M(I) 
e) GPC in chloroform and determined with PMMA standards. 
 
The monomer conversion during ATRP was kept below 80% to reduce termination 
reactions. The kinetic data (ln([M]0/[M]t) vs. time) of the ATRP of MMA with both 
initiators is shown in Figure 1. For PMMA initiated with MDCA the polymerization was 
performed for 90 min before reaching a plateau value. A decrease of the slope is an 
indication for chain termination reactions; as will be shown in the MALDI-TOF 
analysis. For the same reason, the polymerization with EDBA as initiator was 
performed for only 15 min. From these kinetic results it can be concluded that side 
reactions – especially terminations – occur during polymerization. The termination 
reactions are more prominent for EDBA than for MDCA. This can be explained by the 
lower C-Br binding energy (compared to C-Cl) leading to a higher concentration of 
active radicals – and consequently to side reactions.  
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Figure 1. Plots of ln([M]0/[M]t) vs. time for ATRP of MMA in anisole at 90°C. (a): 
[MMA]/[MDCA]/[CuBr]/[PMDETA] = 25/1/1/1, [MMA]0 = 4.4M and T = 90°C in anisole 
(anisole/MMA (vol/vol) = 1) (b): [MMA]/[EDBA]/[CuBr]/[PMDETA] = 40/1/1/1, [MMA]0 = 4.4M 
and T = 90°C in anisole (anisole/MMA (vol/vol) = 1) 
 
 
Figure 2. Plots of ln([M]0/[M]t) vs. time for ATRP of MA in toluene at 80°C. 
[MA]/[MDCA]/[CuBr]/[Bpy] = 20/1/1/2, [MA]0 = 5.4M and T = 80°C in toluene (toluene/MA 
(vol/vol) = 1) 
 
The plot of ln([M]0/[M]t) vs. time for the ATRP of MA was linear as shown in Figure 2, 
the polymerization was performed for 3 hours. For both monomers – MMA and MA – 
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the monomer/initiator ratio was adjusted to obtain molecular weights of PMMA and 
PMA of around 2000 g/mol. 
 
In order to determine the end-group functionality the polyacrylates were analyzed by 
MALDI-TOF. Analysis of PMMA initiated by MDCA is presented in Figure 3 and the 
assignment of masses to structures in Table 4. The major species was an alpha- 
bromo-functional PMMA with an α,β-unsaturated ester group in omega position 
(series 1 in Table 4). The formation of the terminal double bond can be explained by 
disproportionation of the active radical. The saturated functionality present at the α-
chain-end in series 2 is either the result of the disproportionation or the result of a 
hydrogen atom transfer from the ligand (PMDETA).28 This product (in series 2 Table 
4) shows at the ω-chain-end a lactone group as a consequence of methyl halide 
elimination.29-31 However, it could not be unambiguously proven if the lactone ring is 
formed during ATRP or during the MALDI-TOF measurement. In the literature PMMA 
samples with a lactone end-group were analyzed by 13C NMR spectroscopy; it was 
found that the tertiary carbon atom (noted a in series 2 Table 4) and the carbonyl 
carbon of the ester group attached to the lactone (noted b in the molecule series 2)  
had resonance signals at δ = 81 ppm and δ = 173 ppm.31 13C NMR analysis of the 
products obtained in our experiments showed these signals with small intensity 
(Supporting Information Figures S1 to S4). This leads to the conclusion that the 
lactone ring is formed during the reaction. The structure of the products of series 3 
(Table 4) shows on one chain end a bromine atom and on the other the ligand 
reacted with the dormant species by quaternization.7 The expected product with two 
chlorine atoms at the chain end is present in the series 4. The last product (series 5) 
is a mono-chloro-functional PMMA with a lactone group at the omega-end. According 
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to the intensity in the MALDI-TOF spectrum, bromo-functional polymers are formed 
preferentially compared to chloro-functional species. These results were unexpected 
because according to the literature32,33 for halogen atom exchange in bromine and 
chlorine systems (R-X and Cu-Y, where X≠Y), C-Cl is formed in preference to C-Br. 
Although MALDI-TOF analysis is not a quantitative method, we estimated the amount 
of chloro-telechelic PMMA to be 12 mol%.  
 
 
Figure 3. MALDI-TOF spectrum of PMMA prepared by ATRP using MDCA as initiator. Left: 
complete MALDI-TOF spectrum and right: part of the spectrum  
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Table 4. Structure of PMMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum (Figure 3). Reaction conditions: [MMA]/[MDCA]/[CuBr]/[PMDETA] = 
25/1/1/1, [MMA]0 = 4.4M and T = 90°C in anisole 
Series m/z  
1 2275.33 
 
2 2283.06 
 
3 2324.21 
 
4 2267.08 
 
5 2315.96 
 
 
 
 
     
In the MALDI-TOF spectrum of PMMA initiated by EDBA presented in the Figure 4, 
three species were observed. All species were PMMAs in which the end-groups were 
converted as detailed in the Table 5. In series 1 and 3 hydrogen terminated PMMAs 
with different cations (Na+ or K+) are present as a result of hydrogen transfer from the 
ligand. It can be excluded that these products result from disproportionation since 
neither the product resulting from recombination (two initiator moieties in the 
molecule) nor terminal unsaturation are observed.28 The molecule presented in 
a 
b 
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series 2 is the same as that in series 2 in Table 4: irrespective of the initiator this 
product is detected. If we compare these results with those obtained with the 
bifunctional chloro-initiator, termination reactions occur more frequently when 
polymerization is performed with the bromo-functional initiator (the expected bromo-
telechelic product is not observed). These results are also a consequence of the 
lower binding energy of C-Br compare with C-Cl.  
 
Figure 4. MALDI-TOF spectrum of PMMA prepared by ATRP using EDBA as initiator. Left: 
complete MALDI-TOF spectrum and right: part of the spectrum 
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Table 5. Structure of PMMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum (Figure 4). Reaction conditions: [MMA]/[EDBA]/[CuBr]/[PMDETA] = 
40/1/1/1, [MMA]0 = 4.4M and T = 90°C in anisole  
Series m/z  
1 2713.31 
 
2 2697.52 
 
3 2729.41 
 
 
The MALDI-TOF of PMA obtained by ATRP with MDCA as initiator (Figure 5) shows 
two species (Table 6). Despite the dispersity of 1.5 (Table 3 – entry 3) determined by 
GPC the polymer chains are well-defined. The major species is the expected product 
– a bis-chloro-telechelic PMA – and the second product is a bromo-/chloro-telechelic 
PMA.34 The chloro-telechelic PMA was estimated at 81 mol%. In comparison to the 
MALDI-TOF results obtained for PMMA samples (Figure 3), for PMA samples only 
halogen telechelic molecules are obtained: the methyl group attached to the double 
bond (present in MMA monomers) has a negative effect on the livingness of the 
polymer chain, certainly because of the inductive effect of the methyl group and steric 
requirements.  
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Figure 5. MALDI-TOF spectrum of PMA prepared by ATRP using MDCA as initiator. Left: 
complete MALDI-TOF spectrum and right: part of the spectrum 
 
Table 6. Structure of PMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum (Figure 5). Reaction conditions: [MA]/[MDCA]/[CuBr]/[Bpy] = 20/1/1/2, 
[MA]0 = 5.4M and T = 80°C in toluene 
Series m/z  
1 1971.84 
 
2 1929.50 
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3.2 SET-LRP of MMA and MA using MDCA or EDBA as 
initiators 
 
MMA was polymerized by SET-LRP with methyl dichloroacetate (MDCA) or ethyl 
dibromoacetate (EDBA) as initiators (Table 7 – entries 1 and 2); SET-LRP of MA was 
performed with MDCA (Table 7 – entry 3). The molar ratio of starting materials was 
[initiator]/[Me6TREN]/[CuBr2] = 1/0.12/0.05 in DMSO and 5 cm of Cu(0) wire was 
used following the procedure described by Haddleton et al.7 The polymerization of 
MMA was performed at 50°C, while the one of MA at room temperature. Kinetic of 
these polymerizations are shown in Supporting Information (Figures S5 and S6). 
 
Table 7. SET-LRP of methyl methacrylate (MMA) or methyl acrylate (MA) initiated with 
methyl dichloroacetate (MDCA) or ethyl dibromoacetate (EDBA) 
N° 
Initiator  
(I) 
Monomer 
(M) 
[M]0/[I]0 
t  
(min) 
Conversion 
(%) 
Mn, th
(c)
 
(g/mol) 
Mn,NMR 
(g/mol) 
Mn,GPC
(d)
 
(g/mol) 
Mw/Mn
(d)
 
1 MDCA
(a)
 MMA 20 135 73 1600 1600 2300 1.2 
2 EDBA
(a)
 MMA 20 130 88 2000 1500 2000 1.3 
3 MDCA
(b)
 MA 20 120 96 1800 1700 2100 1.1 
a) [MMA]/[I]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MMA]0=4.6M, 5cm of Cu(0) and T=50°C in DMSO 
(DMSO/MMA (vol/vol)=1) 
b) [MA]/[MDCA]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0=5.3M, 5cm of Cu(0) and T=RT in DMSO 
(DMSO/MA (vol/vol)=1) 
c) Mn,th=([M]0/[I]0) x conversion x M(M)+M(I) 
d) GPC in chloroform and determined with PMMA standards. 
 
All polymers prepared by SET-LRP were analyzed by MALDI-TOF in order to 
determine if the chain ends were well-defined. The MALDI-TOF spectrum of the 
PMMA prepared with MDCA (Figure 6) shows three products (Table 8).  
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Figure 6. MALDI-TOF spectrum of PMMA prepared by SET-LRP using MDCA as initiator. 
Left: complete MALDI-TOF spectrum and right: part of the spectrum 
 
The major product (series 1) is the expected chloro-telechelic PMMA; the series 2 of 
products present in the spectrum (Figure 6) can not be identified and the series 3 is a 
mono-chloro-functional polymer with a terminal α,β-unsaturated ester group. The 
chloro-telechelic PMMA was estimated at 57 mol% in the mixture. If we compare this 
MALDI-TOF spectrum with the one obtained by ATRP (Figure 3) less termination 
reactions occur in the SET-LRP procedure – the expected chloro-telechelic PMMA is 
present in higher concentration. Moreover, the MALDI-TOF spectrum of the product 
obtained by SET-LRP does not show products with lactone end-groups and 
quaternary ammonium end-groups. In our opinion this is a proof that in the ATRP 
experiment the lactone group is formed during reaction and not during the MALDI-
TOF measurement. The absence of products with quaternary ammonium end-groups 
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in the SET-LRP process could be explained by the different temperatures applied for 
SET-LRP (T=50°C) and ATRP (T=90°C).  
 
Table 8. Structure of PMMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum (Figure 6). Reaction conditions: [MMA]/[MDCA]/[Me6TREN]/[CuBr2] = 
20/1/0.12/0.05, [MMA]0 = 4.6M, 5cm of Cu(0) and T = 50°C in DMSO 
Series m/z  
1 1766.76 
 
2 1723.71 unknown product 
3 1729.77 
 
 
 
The MALDI-TOF spectrum (Figure 7) of PMMA prepared by SET-LRP and initiated 
with EDBA exhibits five compounds. The structures of the end-groups of the different 
PMMA series are detailed in the Table 9. Series 1 and 5 have only sp3 hybridized 
carbon atoms in the main chain and no functionality at the chain end. This is the 
result of hydrogen atom transfer to the active radical from Me6TREN; we can exclude 
disproportionation of the active radical since no α,β-unsaturated ester end-group is 
observed.35 Series 2 to 4 have bromine end-groups on one end and no functionality 
(hydrogen atom), a lactone group, or a quaternary ammonium group at the other end, 
respectively. Partial elimination of the bromine atom by substitution (products 3 and 
4) are again the consequence of the lower C-Br binding energy (compared to the C-
Cl binding energy).  
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Figure 7. MALDI-TOF spectrum of PMMA prepared by SET-LRP using EDBA as initiator. 
Left: complete MALDI-TOF spectrum and right: part of the spectrum 
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Table 9. Structure of PMMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum (Figure 7). Reaction conditions: [MMA]/[EDBA]/[Me6TREN]/[CuBr2] = 
20/1/0.12/0.05, [MMA]0 = 4.6M, 5cm of Cu(0) and T = 50°C in DMSO 
Series m/z  
1 2712.72 
 
2 2690.64 
 
3 2696.68 
 
4 2675.62 
 
5 2728.76 
 
 
 
Finally the MALDI-TOF spectrum (Figure 8) of PMA prepared by SET-LRP with 
MDCA as initiator shows the expected unique product – α,ω-chloro-telechelic PMA  
(Table 10). This chloro-telechelic PMA prepared by SET-LRP can be used for the 
next step – the post-polymerization modification.   
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Figure 8. MALDI-TOF spectrum of PMA prepared by SET-LRP using MDCA as initiator. Left: 
complete MALDI-TOF spectrum and right: part of the spectrum 
 
Table 10. Structure of PMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum (Figure 8). Reaction conditions: [MA]/[MDCA]/[Me6TREN]/[CuBr2] = 
20/1/0.12/0.05, [MA]0 = 5.3M, 5cm of Cu(0) and T = RT in DMSO 
Series m/z  
1 1971.70 
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4 Conclusions 
 
With methyl dichloroacetate (MDCA) and ethyl dibromoacetate (EDBA) as 
bifunctional initiators for ATRP and SET-LRP of methyl methacrylate (MMA) and 
methyl acrylate (MA) well defined halogen telechelic PMMAs and PMAs are 
expected. Using well established synthetic protocols for the synthesis and MALDI-
TOF mass spectroscopy as analytical tool to determine the end-group functionality 
the efficiency of the syntheses was evaluated.  
PMMAs prepared with MDCA as initiator using the ATRP protocol showed 5 
products. The halogen telechelic PMMA was present in 12 mol%. The other species 
were products with end-groups which resulted from elimination, substitution or 
lactonization. PMMAs prepared by ATRP with EDBA as initiator exhibited 3 products 
with end-groups that resulted from lactonization or substitution. No halogen telechelic 
PMMA was present. This is certainly due to the lower binding energy of C-Br 
compared to C-Cl and the higher stability of the active species resulting from the 
addition to MMA. 
For PMAs prepared by ATRP with MDCA only halogen-telechelic PMAs were 
obtained. By using MA as monomer for ATRP with MDCA, neither elimination nor 
substitution was observed; these side reactions were dominant with MMA as 
monomer. This result was explained by the electronic and steric influence of the 
methyl group attached to the double bond of MMA. 
PMMAs prepared with MDCA using the SET-LRP protocol revealed 3 compounds. 
Halogen telechelic PMMAs was obtained up to 57 mol%. The other compounds were 
products of elimination. By using MMA as monomer and MDCA as initiator, SET-LRP 
protocol provided less side reactions than in the ATRP protocol.  
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For PMMAs prepared by SET-LRP with EDBA, 5 products were obtained and no one 
of them was halogen-telechelic. Similar results were obtained by using SET-LRP or 
ATRP protocols to prepared PMMAs with the bromo-bifunctional initiator. That is 
certainly due to the low binding energy of C-Br and the steric hindrance of MMA units 
at the polymer chain ends. 
PMAs prepared by SET-LRP with MDCA showed the expected chloro-telechelic 
PMAs as unique product. However by using the ATRP protocol with MDCA as 
initiator, chlorine atoms were partly substituted by bromine atoms. In this latter 
experiment chloro-telechelic PMAs were present up to 81 mol%; the difference to 
100% was bromo-/chloro-telechelic PMAs. By using the SET-LRP protocol 100 mol% 
chloro-telechelic PMA was present. Using MDCA as initiator, the SET-LRP procedure 
is the most suitable method to obtain well-defined PMAs with the same reactivity at 
both chain ends. 
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6 Supporting Information 
 
We wanted to add some supplementary data concerning this chapter. 13C NMR 
spectra of PMMAs prepared by ATRP and SET-LRP with MDCA or EBDA as 
initiators and kinetic studies of SET-LRP were shown.  
 
13C NMR spectra 
Selected spectra were shown below.  
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Figure S1. 13C NMR of PMMA prepared by ATRP using MDCA as initiator 
 
 
Figure S2. 13C NMR of PMMA prepared by ATRP using EDBA as initiator 
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Figure S3. 13C NMR of PMMA prepared by SET-LRP using MDCA as initiator 
 
 
Figure S4. 13C NMR of PMMA prepared by SET-LRP using EDBA as initiator 
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Kinetics of MMA and MA polymerizations prepared by SET-LRP 
 
Figure S5. Plots of ln([M]0/[M]t) vs. time for SET-LRP of MMA. (a): [MMA]/[MDCA]/ 
[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MMA]0=4.6M, 5cm of Cu(0) and T=50°C in DMSO 
(DMSO/MMA (vol/vol)=1) (b): [MMA]/[EDBA]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, 
[MMA]0=4.6M, 5cm of Cu(0) and T=50°C in DMSO (DMSO/MMA (vol/vol)=1) 
 
 
Figure S6. Plots of ln([M]0/[M]t) vs. time for SET-LRP of MA: [MA]/[MDCA]/ 
[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0=5.3M, 5cm of Cu(0) and T=RT in DMSO 
(DMSO/MA (vol/vol)=1) 
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Chapter 4  
 
Synthesis and MALDI-TOF Analysis of 
Hydroxyl- and Amino-Telechelic 
Poly(methyl acrylate)s obtained by Single 
Electron Transfer - Living Radical 
Polymerization (SET-LRP) followed by a 
Nucleophilic Substitution 
 
ABSTRACT: Amino- and/or hydroxyl-telechelic poly(methyl acrylate)s (PMA)s were 
prepared by Single Electron Transfer - Living Radical Polymerization (SET-LRP) 
using methyl dichloroacetate (MDCA) and 2-hydroxyethyl 2-bromoisobutyrate 
(HEBIB) as bifunctional initiators followed by nucleophilic substitution with n-
butylamine, 2-methylamino ethanol or 3-amino-1-propanol. End-group analysis was 
performed by MALDI-TOF mass spectrometry. The conversion of chloro-telechelic 
PMAs prepared with MDCA as initiator by nucleophilic substitution with n-butylamine 
or 2-methylamino ethanol provided only byproducts. Through nucleophilic 
substitutions of PMAs prepared with HEBIB as initiator with n-butylamine and 2-
methylamino ethanol, lactam and lactone end-groups were formed, respectively. To 
obtain one hydroxyl-group at each chain-end, nucleophilic substitution with 3-amino-
1-propanol was performed on mixed hydroxyl-bromo-telechelic PMAs which were 
converted up to 83 mol% to hydroxyl-telechelic PMAs.  
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1 Introduction 
 
Telechelic polymers are often prepared by controlled radical polymerizations – such 
as nitroxide-mediated polymerization (NMP), Atom Transfer Radical Polymerization 
(ATRP) or Reversible Addition-Fragmentation chain Transfer (RAFT) – due to their 
good control of molecular weight with a low dispersity and their good retention of end-
group functionality.1 Controlled functionality at the polymer chain ends can be 
obtained through the initiation process – using functional nitroxides, functional ATRP 
initiators or RAFT-agents – or by post-polymerization modifications.1 For Cu-
mediated polymerizations – such as ATRP – nucleophilic substitution (NS) or Atom 
Transfer Radical Addition (ATRA) were often employed for post-polymerization 
modifications to convert halide end-groups.2-4 
 
Van der Linde et al.3 studied the end-group functionality of telechelic poly(n-butyl 
acrylate) (PBA) obtained by ATRP followed by post-polymerization modifications. 
PBAs were prepared by ATRP with ethyl 2-bromoisobutyrate (EtBIB) as initiator in a 
molar ratio of [BA]:[EtBIB] = 22.5:1. After 63% monomer conversion, the 
polymerization was stopped and post-polymerization modifications were performed 
with allyl alcohol by ATRA or with 5-amino-1-pentanol by NS. By ATRA 64% of 
polymer-end groups were converted while by NS with 5-amino-1-pentanol 96% 
conversion of bromine end-groups was achieved. Later this group showed the 
possibility to obtain hydroxyl-telechelic block copolymers of methyl methacrylate 
(MMA) and n-butyl acrylate (BA).4 MMA and BA were polymerized successively by 
ATRP with 2-hydroxyethyl 2-bromoisobutyrate as hydroxyl functional initiator to 
obtain HO-PMMA-b-PBA-Br. The hydroxyl- and halogen-telechelic copolymer formed 
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was subsequently converted by NS with 5-amino-1-pentanol. After 8 hours, the 
hydroxyl-telechelic copolymer had a functionality of 1.7 according to Gradient 
Polymer Elution Chromatography (GPEC) analysis.  
 
Some time ago Percec et al.5 reported the Single Electron Transfer-Living Radical 
Polymerization (SET-LRP) which is a Cu-mediated controlled radical polymerization 
known to provide a perfect retention of the halogen end-group functionality. However, 
telechelic polymers performed by SET-LRP are rarely described in the literature. 
Recently Haddleton et al.6 prepared hydroxyl-telechelic poly(n-butyl acrylate)s by 
SET-LRP with ethylene bis(2-bromoisobutyrate) as bifunctional initiator followed by 
thio-bromine nucleophilic substitution (Scheme 1). The NS was performed with 2-
mercaptoethanol (50 eq. relative to the polymer) and triethylamine (50 eq.) in THF. 
MALDI-TOF analysis revealed that the bromine end-groups were quantitatively 
converted to hydroxyl groups; but hydrogen terminated polymers were present as 
minor species before and after NS. The end-group functionality was not estimated.    
 
Scheme 1. Preparation of hydroxyl-telechelic poly(n-butyl acrylate)s by SET-LRP followed by 
thio-bromine nucleophilic substitution6 
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In the present communication we describe the results – especially MALDI-TOF 
analyses – for the preparation of hydroxyl- or amino-telechelic poly(methyl acrylate)s 
by SET-LRP with methyl dichloroacetate (MDCA) as bifunctional initiator or 2-
hydroxyethyl 2-bromoisobutyrate (HEBIB) as hydroxyl- and halogen-functional 
initiator followed by nucleophilic substitutions with n-butylamine, 2-methylamino 
ethanol or 3-amino-1-propanol.  
 
2 Experimental part 
 
Materials 
Methyl acrylate (MA) (99%, Aldrich) was passed through a neutral aluminium oxide 
column prior to use. Methyl dichloroacetate (MDCA) (99%, Fluka), 2-hydroxyethyl 2-
bromoisobutyrate (HEBIB) (95%, Aldrich), tris[2-(dimethylamino)ethyl]amine 
(Me6TREN) (97%, Aldrich), copper wire (Cu(0)) (20 gauge, Fischer), copper(II) 
bromide (CuBr2) (99%, Aldrich), n-butylamine (99%, Fluka), 2-methylamino ethanol 
(98%, Aldrich), 3-amino-1-propanol (98%, Alfa Aesar) and DMSO (Acros) were used 
without purification.  
 
Measurements 
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded on a Bruker 
DPX-400 FT-NMR spectrometer. Deuterated chloroform (CDCl3) or deuterated 
dimethyl sulfoxide (DMSO-d6) were used as solvents. All spectra were referenced to 
residual proton signals of the deuterated solvents.  
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Size exclusion chromatography (SEC) measurements were performed at a flow rate 
of 1.0 mL/min at 20°C with chloroform (CHCl3) as eluent. The solvent contained 3,5-
di-tert-butyl-4-hydroxytoluene (BHT) as internal standard. The SEC system was 
composed of a pre-column (8x50 mm) and four SDplus gel columns (8x300 mm). 
The diameter of the gel particles measured 5 µm and the nominal pore widths were 
50, 102, 103 and 104 Å. A high pressure liquid chromatography (HPLC) pump (PU-
2080plus, Jasco) with a refractive index detector (RI-2031plus, Jasco) and an 
evaporative light scattering detector (PL-ELS-1000, Polymer Laboratories) was used. 
Poly(methyl methacrylate) standards were used for the calibration. The number-
average molecular weight Mn, the weight-average molecular weight Mw, and the 
dispersity (Ð = Mw/Mn) were evaluated using the PSS WinGPC UniChrom software 
(Version 8.1.1). 
MALDI-TOF (Matrix Assisted Laser Desorption Ionization, Time-of-Flight) 
measurements were carried out on a Bruker ultrafleXtreme equipped with a 337 nm 
smartbeam laser in the reflective mode. THF solutions of trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) (20 µL of 20 mg/mL), 
sodium trifluoroacetate (0.5 µL of 10 mg/mL) and analyte (5 µL of 10 mg/mL) were 
mixed; 1 µL of this mixture were applied on the sample plate. Cesium triiodide was 
used for calibration.  
 
General procedure for SET-LRP of MA with MDCA 
We followed the procedure described by Haddleton et al.7 To obtain chloro-telechelic 
poly(methyl acrylate)s with a molecular weight of 2000 g/mol, MA (10 mL, 111 mmol), 
MDCA (575 µL, 5.55 mmol), Me6TREN (178 µL), CuBr2 (62 mg) and DMSO (10 mL) 
were added to a 50 mL Schlenk tube. After degassing the solution six times by 
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freeze-vacuum-thaw cycles the reaction flask was refilled with nitrogen gas and the 
activated Cu(0) wire (5 cm) was added under positive nitrogen pressure (the 
procedure to activate the Cu(0) wire is described in the literature8). After degassing 
the reaction mixture once more by freeze-vacuum-thaw cycles the sealed flask was 
refilled with nitrogen gas and stirred at room temperature for 2 hours. The 
polymerization was stopped by exposing the reaction mixture to air. For purification 
the reaction mixture was passed through a short neutral aluminium oxide column to 
remove residual CuBr2 deactivator. The polymer solution was diluted with 
dichloromethane and washed with 5 % aqueous HCl solution. The organic phase 
was separated and dried over MgSO4. Solvents and residual monomers were 
removed under vacuum. 
The same procedure was used to obtain chloro-telechelic poly(methyl acrylate)s with 
a molecular weight of 3500 g/mol. The experimental details are listed in Table 1.  
 
Table 1. Quantities used for SET-LRP of MA with a molecular weight of 3500 g/mol 
Methyl acrylate MDCA Me6TREN CuBr2 DMSO 
T 
(°C) 
t 
(min) 
2 mL 
22.2 mmol 
62.1 µL 
0.6 mmol 
20.3 µL 
 
7 mg 
 
2 mL 
 
RT 
 
120 
 
 
General procedure for SET-LRP of MA with HEBIB 
The procedure described above was performed with MA (2 mL, 22.2 mmol), HEBIB 
(161 µL, 1.11 mmol), Me6TREN (35.6 µL), CuBr2 (12 mg), DMSO (2 mL) and 5 cm of 
Cu(0) in order to obtain hydroxyl-bromo hetero-telechelic poly(methyl acrylate)s with 
a molecular weight of 2000 g/mol. 
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General procedure for nucleophilic substitution of chloro-telechelic 
poly(methyl acrylate) with n-butylamine 
Chloro-telechelic poly(methyl acrylate) (360 mg) was dissolved in 3 mL DMSO and 
an excess of n-butylamine (171 µL – 15-20 eq. relative to the polymer) was added to 
a 25 mL round-bottom flask. The reaction mixture was stirred at RT for 2 days. For 
purification the polymer solution was diluted with dichloromethane and washed with 
water at different pH (pH = 4, pH = 8 and pH = 6). The organic phase was separated 
and dried over MgSO4. Solvents and other volatile products were removed under 
vacuum. 
The same procedure was applied to convert mixed hydroxyl-bromo telechelic PMAs 
(400 mg) in 4 mL DMSO with n-butylamine (494 µL – 15-20 eq. relative to the 
polymer). 
 
General procedure for nucleophilic substitution of chloro-telechelic 
poly(methyl acrylate) with 2-methylamino ethanol 
Chloro-telechelic poly(methyl acrylate) (450 mg) was dissolved in 4 mL DMSO and 
an excess of 2-methylamino ethanol (175 µL – 15-20 eq. relative to the polymer) was 
added to a 25 mL round-bottom flask. The reaction mixture was stirred at RT for 2 
days. For purification the polymer solution was diluted with dichloromethane and 
washed with water. The organic phase was separated and dried over MgSO4. 
Solvents and other volatile products were removed under vacuum. 
The same procedure was used to convert the bromo end-groups of mixed hydroxyl-
bromo telechelic PMAs (350 mg) in 3.5 mL DMSO with 2-methylamino ethanol (351 
µL – 15-20 eq. relative to the polymer).  
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General procedure for nucleophilic substitution of mixed hydroxyl-bromo 
telechelic poly(methyl acrylate) with 3-amino-1-propanol 
Mixed hydroxyl-bromo telechelic poly(methyl acrylate) (300 mg) was dissolved in 3 
mL DMSO and an excess of 3-amino-1-propanol (285 µL – 15-20 eq. relative to the 
polymer) was added to a 25 mL round-bottom flask. The reaction mixture was stirred 
at RT for 2 days. For purification the polymer solution was diluted with 
dichloromethane and washed with 5 % aqueous HCl solution, 1M aqueous Na2CO3 
solution and water. The organic phase was separated and dried over Na2SO4. 
Solvents and other volatile products were removed under vacuum. 
 
3 Results and discussion 
 
Hydroxyl- or/and amino-telechelic poly(methyl acrylate)s (PMAs) are prepared by 
SET-LRP followed by post-polymerization modifications using different synthetic 
concepts (Scheme 2). According to the first concept, chloro-telechelic PMAs obtained 
with methyl dichloroacetate (MDCA) as bifunctional initiator are converted to amino 
and/or hydroxyl telechelic PMAs by nucleophilic substitution ((i) in Scheme 2). In the 
second concept, hetero bromo-hydroxyl telechelic polymers prepared with 2-
hydroxyethyl 2-bromoisobutyrate (HEBIB) as hydroxyl mono-functional initiator are 
converted by nucleophilic substitution ((ii) in Scheme 2).  
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Scheme 2. Synthesis of hydroxyl- or/and amino-telechelic poly(methyl acrylate)s in two 
different ways 
 
The goal of our study is to determine by MALDI-TOF analysis the nature of chain-
ends of PMAs prepared by SET-LRP and functional telechelic PMAs obtained by 
SET-LRP followed by nucleophilic substitution with different amines.  
 
MALDI-TOF analyses of PMAs prepared by SET-LRP with EtBIB as initiator and 
Me6TREN as ligand were already reported in the literature.
7 By changing the amount 
of ligand – from 0.09 eq. to 0.18 eq. relative to the initiator – optimum conditions were 
found to reduce side reactions – as for example ligand chain transfer, bimolecular 
termination or ligand quaternization. Well-defined bromo-functional PMAs were 
obtained using 0.12 eq. of Me6TREN relative to the initiator. We used these 
conditions ([EtBIB]0/[CuBr2]0/[Me6TREN]0 = 1/0.05/0.12) to obtain by SET-LRP 
chloro-telechelic PMAs with MDCA and hydroxyl- bromo- hetero-telechelic PMAs with 
HEBIB. 
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Matyjaszewski and Coessens studied the conversion of bromine or chlorine end-
groups by nucleophilic substitution with different amines.9 Methyl 2-bromopropionate 
used as model molecule reacted with n-butylamine in different solvents for one hour: 
in DMSO 78% of bromine groups were converted while in THF 45% and in toluene 
only 18% were converted. Since polar solvents were more efficient than non-polar, in 
our experiments, DMSO was used as solvent to perform nucleophilic substitutions. It 
was also reported that bromine end-groups were converted faster and more 
efficiently than chlorine end-groups. Moreover during NS of polymers with chlorine 
end-groups with n-butylamine, side reactions were reported: 1-phenylethyl chloride 
used as model molecule for chlorine terminated polystyrene underwent elimination 
while for methyl 2-chloropropionate used as model molecule for chlorine terminated 
PMA hydrolysis of methyl ester groups was observed.9 
 
In the present work we present results on the synthesis of low molecular weight 
PMAs (Mn = 2000 g/mol) by SET-LRP and their conversion to hydroxyl- or amino-
functional telechelic PMAs with different amines. We compare the nucleophilic 
substitutions of chloro-telechelic PMAs and hydroxyl-bromo-hetero-telechelic PMAs 
with n-butylamine, 2-methylamino ethanol or 3-amino-1-propanol using MALDI-TOF 
for identification of end-groups.  
 
3.1 Preparation of chloro-telechelic and mixed hydroxyl-
bromo telechelic PMAs by SET-LRP 
 
Chloro-telechelic or mixed hydroxyl-bromo telechelic poly(methyl acrylate)s were 
prepared by SET-LRP of MA with methyl dichloroacetate (MDCA) or 2-hydroxyethyl 
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2-bromoisobutyrate (HEBIB), respectively, as initiators and CuBr2/Me6TREN as 
catalyst in presence of Cu(0) wire in DMSO at room temperature (Table 2). Chloro-
telechelic PMAs were prepared with a molar ratio of [MA]/[MDCA]/[CuBr2]/[Me6TREN] 
= 20/1/0.05/0.12 – in order to obtain a molecular weight of 2000 g/mol – and a molar 
ratio of [MA]/[MDCA]/[CuBr2]/[Me6TREN] = 35/1/0.05/0.12 – to obtain a molecular 
weight of 3500 g/mol using the same reaction conditions (entries 1 and 2 in Table 2) 
in different scales. Mixed hydroxyl-bromo telechelic PMAs with a molecular weight of 
2000 g/mol were obtained with two different molar ratios (entries 3 and 4 in Table 2): 
[MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.12 and [MA]/[HEBIB]/[CuBr2]/ 
[Me6TREN] = 20/1/0.05/0.09 in order to know the influence of the ligand 
concentration on the nature of the polymer chain-ends. 
 
Table 2. SET-LRP of methyl acrylate (MA) initiated with methyl dichloroacetate (MDCA) or 2-
hydroxyethyl 2-bromoisobutyrate (HEBIB) 
N° 
Initiator  
(I) 
t  
(min) 
Conversion 
(%) 
Mn, th
(e)
 
(g/mol) 
Mn,NMR 
(g/mol) 
Mn,GPC
(f)
 
(g/mol) 
Mw/Mn
(f)
  
1 MDCA
(a)
 120 96 1 900 1 700 2 100 1.1 
2 MDCA
(b)
 120 95 3 200 3 100 3 600 1.1 
3 HEBIB
(c)
 60 97  1 900 1 700 1 800 1.1 
4 HEBIB
(d)
 60 95 1 900 1 500 1 700 1.1 
a) [MA]/[MDCA]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.12, [MA]0=5.3M, V(MA)0 = 10 mL and T= RT in 
DMSO (DMSO/MA (vol/vol)=1) 
b) [MA]/[MDCA]/[CuBr2]/[Me6TREN] = 35/1/0.05/0.12, [MA]0=5.4M, V(MA)0 = 2 mL and T= RT in 
DMSO (DMSO/MA (vol/vol)=1) 
c) [MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.12, [MA]0=5.4M, V(MA)0 = 2 mL and T= RT in 
DMSO (DMSO/MA (vol/vol)=1) 
d) [MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.09, [MA]0=5.3M, V(MA)0 = 2 mL and T= RT in 
DMSO (DMSO/MA (vol/vol)=1) 
e) Mn,th=([MA]0/[I]0) x conversion x M(MA)+M(I) 
f) GPC in chloroform and determined with PMMA standards. 
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Conversions of methyl acrylate with both initiators in the described conditions are 
high (≥ 95 %). However, the conversion with HEBIB as initiator is twice faster than 
the conversion with MDCA. According to NMR and GPC analyses, all 
polymerizations of MA are well controlled because for each polymerization molecular 
weights determined by 1H NMR and by GPC(CDCl3) are close to the theoretical one 
and the dispersity is low (Ð = 1.1). In order to determine if the polymer chain ends are 
well-defined, the MALDI-TOF analyses were performed for each PMA sample. The 
MALDI-TOF spectra of chloro-telechelic PMAs prepared with MDCA are presented in 
Figures 1 and 2 and the assignments of masses in Table 3.  
 
 
Figure 1. MALDI-TOF spectrum of PMA prepared by SET-LRP using MDCA as initiator 
([MA]/[MDCA]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0 = 5.3M, V(MA)0 = 10mL, 5cm of 
Cu(0) and T = RT in DMSO). Left: complete MALDI-TOF spectrum and right: part of the 
spectrum 
 
Chapter 4 
 
 
89 
 
 
 
Figure 2. MALDI-TOF spectrum of PMA prepared by SET-LRP using MDCA as initiator 
([MA]/[MDCA]/[Me6TREN]/[CuBr2] = 35/1/0.12/0.05, [MA]0 = 5.4M, V(MA)0 = 2mL, 5cm of 
Cu(0) and T = RT in DMSO). Left: complete MALDI-TOF spectrum and right: part of the 
spectrum 
 
In both MALDI-TOF spectra the expected chloro-telechelic polymer is present as a 
unique product. Independently of the scale – 2mL or 10mL of initial volume of MA – 5 
cm of Cu(0) wire was enough to achieve the controlled radical polymerization without 
side reaction. 
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Table 3. Structure of PMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum. Reaction conditions: number without prime symbole, 
[MA]/[MDCA]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0 = 5.3M, V(MA)0 = 10mL, 5cm of 
Cu(0) and T = RT in DMSO (Figure 1) and number with prime symbole 
[MA]/[MDCA]/[Me6TREN]/[CuBr2] = 35/1/0.12/0.05, [MA]0 = 5.4M, V(MA)0 = 2mL, 5cm of 
Cu(0) and T = RT in DMSO (Figure 2) 
Series m/z  
1 1971.70  
1’ 2057.42 
 
Mixed hydroxyl-bromo telechelic PMAs with a molecular weight of 2000 g/mol were 
analyzed by MALDI-TOF (Figures 3 and 4) and the structures assigned to the 
masses are detailed in Table 4. 
 
Figure 3. MALDI-TOF spectrum of PMA prepared by SET-LRP using HEBIB as initiator 
([MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.12, [MA]0=5.4M, V(MA)0 = 2 mL and T= RT 
in DMSO (DMSO/MA (vol/vol)=1)). Left: complete spectrum and right: part of the spectrum 
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Figure 4. MALDI-TOF spectrum of PMA prepared by SET-LRP using HEBIB as initiator 
([MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.09, [MA]0=5.3M, V(MA)0 = 2 mL and T= RT 
in DMSO (DMSO/MA (vol/vol)=1)). Left: complete MALDI-TOF spectrum and right: part of the 
spectrum 
 
In the MALDI-TOF of PMAs prepared with HEBIB as initiator and 0.12 eq. of ligand 
relative to the initiator (Figure 3), three products are present. The major species is the 
expected hydroxyl-bromo-hetero-telechelic PMA (series 1 Table 4). However, two 
minor species that appear in the MALDI-TOF spectrum (series 2 and 3 Table 4) are 
respectively due to the ligand quaternization and the ligand chain transfer. In the 
literature7 these byproducts were already reported when an excess of ligand (0.18 
eq. relative to the initiator) was used for the SET-LRP of MA with EtBIB as initiator 
and Me6TREN as ligand. In order to eliminate these undesired minor species, the 
amount of the ligand was reduced from 0.12 eq. to 0.09 eq. relative to the initiator. 
According to the MALDI-TOF analysis (Figure 4), the ligand chain transfer reaction 
was eliminated and the ligand quaternization reaction was limited – the intensity of 
peaks in MALDI-TOF is lower if the series 3’ (Figure 4) is compared to the series 2 
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(Figure 3). However, in Figure 4 series 2’ a product which can not be assigned 
appears. The reduction of the ligand amount during the SET-LRP of MA prepared 
with HEBIB as initiator decreases the intensity of byproduct peaks observed in Figure 
3 but a peak with relative high intensity appears; the structure of the end-groups 
could not be identified. For this reason nucleophilic substitutions of mixed hydroxyl-
bromo-telechelic PMAs will be performed with the polymer prepared with 0.12 eq. of 
Me6TREN relative to the initiator (entry 3 Table 2).  
 
Table 4. Structure of PMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum. Reaction conditions: number without prime symbole, 
[MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.12, [MA]0=5.4M, V(MA)0 = 2 mL and T= RT in 
DMSO (DMSO/MA (vol/vol)=1) (Figure 3) and number with prime symbole, 
[MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.09, [MA]0=5.3M, V(MA)0 = 2 mL and T= RT in 
DMSO (DMSO/MA (vol/vol)=1) (Figure 4)  
Series m/z  
1 1697.54  
1’ 1697.16 
2 1737.63 
 
3’ 1737.23 
3 1703.66 
 
2’ 1743.14 unknown 
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If we compare the MALDI-TOF spectra of chloro-telechelic PMAs and hydroxyl-
bromo-hetero-telechelic PMAs prepared at the same conditions, small side product 
peaks are obtained only if the polymerization is performed with the hydroxyl-bromo-
functional initiator (HEBIB). This might be due to the lower binding energy of C-Br 
compared to C-Cl.  
 
3.2 Conversion of chloro-telechelic PMAs with amines 
 
Chloro-telechelic poly(methyl acrylate)s obtained by SET-LRP with MDCA as initiator 
were converted with different amines. Nucleophilic substitutions (NS) were performed 
with n-butylamine and 2-methylamino ethanol in DMSO at RT for 2 days. MALDI-TOF 
measurements were performed for the reaction product.  
 
By NS of chloro-telechelic PMAs with n-butylamine, amino-telechelic PMAs (a) were 
expected as product.  
 
(a) 
 
However, the MALDI-TOF analysis (Figure 5) reveals the presence of three other 
products (series 1: 2017.76 m/z; series 2: 2069.81 m/z; series 3: 2053.74 m/z) which 
could not be identified. Moreover, if we compare the MALDI-TOF spectrum of chloro-
telechelic PMA used for the reaction (Figure 2) and the one after this NS (Figure 5), 
molecular weights are shifted to lower m/z values – as for example the highest peak 
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for the starting polymer is at 2835 m/z and the one of modified polymer is at 2447 
m/z. Probably hydrolysis of methyl ester groups occur, as Coessens and 
Matyjaszewski have already reported for methyl 2-chloropropionate used as model 
molecule for chlorine terminated PMAs in NS with n-butylamine.9  
 
Figure 5. MALDI-TOF spectrum of PMA prepared by SET-LRP using MDCA as initiator 
([MA]/[MDCA]/[Me6TREN]/[CuBr2] = 35/1/0.12/0.05, [MA]0 = 5.4M, V(MA)0 = 2mL, 5cm of 
Cu(0) and T = RT in DMSO) followed by nucleophilic substitution with n-butylamine. Left: 
complete MALDI-TOF spectrum and right: part of the spectrum 
 
Chloro-telechelic PMAs were converted with 2-methylamino ethanol in order to obtain 
hydroxyl-telechelic PMAs (b).    
 
(b) 
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The MALDI-TOF spectrum of hydroxyl-telechelic PMAs prepared with MDCA as 
initiator and modified with 2-methylamino ethanol (Figure 6) presents ten species 
which were partially assigned (Table 5). Four species contain lactone end-groups at 
one chain-end (series 1, 2 and 8) or at both chain-ends (series 4). Three species 
contain hydroxyl-groups at one chain-end (series 2 and 7) or at the both chain-ends 
(series 10). Three products keep chlorine atoms at one chain end (series 1 and 7) or 
at the both ends (series 6). One of the products exchanges the chlorine atom for a 
hydrogen atom at one of the polymer chain-ends (series 8). Moreover, three series 
can not be assigned (series 3, 5 and 9). The expected hydroxyl-telechelic product is 
present only in the last series (series 10). 
 
However, like in the latter case with n-butylamine, molecular weights of these 
samples are shifted to lower values compared to the starting chloro-telechelic PMAs 
(Figure 2) – for example the highest peak of the starting polymer is at 2835 m/z and 
the one of modified polymer is at 2669 m/z. Moreover, the presence of chlorine end-
groups (series 1, 6 and 7) is really unexpected after NS with a large excess of amine. 
For these reasons we assume that the methyl ester undergoes hydrolysis and in 
addition the formation of a lactone at the chain ends may influence the volatility of the 
product. 
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Figure 6. MALDI-TOF spectrum of PMA prepared by SET-LRP using MDCA as initiator 
([MA]/[MDCA]/[Me6TREN]/[CuBr2] = 35/1/0.12/0.05, [MA]0 = 5.4M, V(MA)0 = 2mL, 5cm of 
Cu(0) and T = RT in DMSO) followed by nucleophilic substitution with 2-methylamino 
ethanol. Left: complete MALDI-TOF spectrum and right: part of the spectrum 
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Table 5. Structure of PMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum (Figure 6). Reaction conditions: SET-LRP of MA with 
[MA]/[MDCA]/[Me6TREN]/[CuBr2] = 35/1/0.12/0.05, [MA]0 = 5.4M, V(MA)0 = 2mL, 5cm of 
Cu(0) and T = RT in DMSO, followed by nucleophilic substitution with 2-methylamino ethanol 
Series m/z  Series m/z  
1 2064.30 
 
6 2057.27  
2 2103.43 
 
7 2096.32 
 
3 2109.27 unknown 8 2116.36 
 
4 2071.36 
 
9 2055.29 unknown 
5 2100.27 unknown 10 2049.36 
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3.3 Conversion of hetero hydroxyl-bromo-telechelic PMAs 
with amines 
 
Hetero bromo-hydroxyl- telechelic poly(methyl acrylate)s obtained by SET-LRP with 
HEBIB as initiator were converted with n-butylamine, 2-methylamino ethanol or 3-
amino-1-propanol in DMSO at RT for 2 days. MALDI-TOF measurements were 
performed in order to assign the end-group functionality.  
 
Hydroxyl-bromo-hetero-telechelic PMAs were first converted with n-butylamine with 
the aim of obtaining mixed hydroxyl-amino-telechelic PMAs (c).  
 
(c) 
 
The MALDI-TOF spectrum of the product obtained (Figure 7) shows two species 
(Table 6). The major species has a lactam group at the ω-chain end (series 1) and 
the minor species has still the bromine atom (series 2). If we compare the MALDI-
TOF spectrum of the starting mixed hydroxyl-bromo-telechelic PMA used for the 
reaction (Figure 3) and the MALDI-TOF spectrum after the NS (Figure 7), molecular 
weights are not shifted to lower m/z values. We assume that for bromine end-groups 
no hydrolysis of methyl ester occurs. However, functional telechelic polymers were 
not obtained with this method due to the formation of lactam end-groups.  
 
Chapter 4 
 
 
99 
 
 
Figure 7. MALDI-TOF spectrum of hydroxyl- and amino-telechelic PMA prepared by SET-
LRP using HEBIB as initiator ([MA]/[HEBIB]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0 = 
5.4M, V(MA)0 = 2mL, 5cm of Cu(0) and T = RT in DMSO) followed by nucleophilic 
substitution with n-butylamine. Left: complete MALDI-TOF spectrum and right: part of the 
spectrum 
 
Table 6. Structure of PMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum (Figure 7). Reaction conditions: SET-LRP of MA with 
[MA]/[HEBIB]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0 = 5.4M, V(MA)0 = 2mL, 5cm of 
Cu(0) and T = RT in DMSO, followed by nucleophilic substitution with n-butylamine 
Series m/z  
1 1656.66 
 
2 1697.71 
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Nucleophilic substitution with 2-methylamino ethanol as nucleophile was performed 
to convert the hetero hydroxyl-bromo-telechelic PMA to the hydroxyl-telechelic PMA 
(d). The product was analyzed by MALDI-TOF (Figure 8) – the assignments of 
masses to structures are presented in Table 7. 
 
(d) 
Three species are observed in the spectrum. The major species (series 1) has a 
lactone group at the ω-chain end. In the product of series 2 the halogen atom is 
replaced by hydrogen – a mono hydroxyl terminated-telechelic PMA is the result. The 
minor species (series 3) was not identified. Actually the hydrogen terminated polymer 
was already present in the spectrum of the starting polymer (series 3 Figure 3).  
 
Figure 8. MALDI-TOF spectrum of PMA prepared by SET-LRP using HEBIB as initiator 
([MA]/[HEBIB]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0 = 5.4M, V(MA)0 = 2mL, 5cm of 
Cu(0) and T = RT in DMSO) followed by nucleophilic substitution with 2-methylamino 
ethanol. Left: complete MALDI-TOF spectrum and right: part of the spectrum 
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Table 7. Structure of PMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum (Figure 8). Reaction conditions: SET-LRP of MA with 
[MA]/[HEBIB]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0 = 5.4M, V(MA)0 = 2mL, 5cm of 
Cu(0) and T = RT in DMSO, followed by nucleophilic substitution with 2-methylamino 
ethanol. 
Series m/z  
1 1658.69 
 
2 1703.69 
 
3 1728.69 unknown 
 
 
Lactam or lactone end-groups are observed in the MALDI-TOF spectra of PMAs 
modified by NS with n-butylamine or 2-methylamino ethanol, respectively. For this 
reason, nucleophilic substitution was performed with 3-amino-1-propanol in order to 
obtain hydroxyl-telechelic PMAs (e).  
 
(e) 
 
MALDI-TOF spectrum of the hydroxyl-bromo-hetero-telechelic PMA converted with 3-
amino-1-propanol (Figure 9) exhibits two products (Table 8).  
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Figure 9. MALDI-TOF spectrum of PMA prepared by SET-LRP using HEBIB as initiator 
([MA]/[HEBIB]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0 = 5.4M, V(MA)0 = 2mL, 5cm of 
Cu(0) and T = RT in DMSO) followed by nucleophilic substitution with 3-amino-1-propanol. 
Left: complete MALDI-TOF spectrum and right: part of the spectrum 
 
The major species (series 1) is the expected hydroxyl-telechelic PMA which is 
obtained by the formation of a lactam group at the ω-chain end. The minor species is 
the hydroxyl-monofunctional PMA which has a hydrogen atom at the ω-chain-end. 
This latter product was observed in the MALDI-TOF spectrum of the starting polymer 
(series 3 Figure 3), but in lower intensity than in this spectrum (Figure 9). Although 
the MALDI-TOF analysis is not a quantitative method, the amount of hydroxyl-
telechelic PMA was estimated to be 83 mol%.  
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Table 8. Structure of PMA chain ends as deduced from the mass determined from the 
MALDI-TOF spectrum (Figure 9). Reaction conditions: SET-LRP of MA with 
[MA]/[HEBIB]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0 = 5.4M, V(MA)0 = 2mL, 5cm of 
Cu(0) and T = RT in DMSO, followed by nucleophilic substitution with 3-amino-1-propanol 
Series m/z  
1 1658.74 
 
2 1703.74 
 
 
4 Conclusions 
 
In order to obtain amino- and/or hydroxyl-telechelic poly(methyl acrylate)s, SET-LRP 
of methyl acrylate (MA) with methyl dichloroacetate (MDCA) and 2-hydroxyethyl 2-
bromoisobutyrate (HEBIB) followed by nucleophilic substitution (NS) with n-
butylamine, 2-methylamino ethanol or 3-amino-1-propanol were performed. The end-
group functionality of chloro-telechelic or mixed bromo-hydroxyl-telechelic PMAs and 
amino- and/or hydroxyl-telechelic PMAs was determined by MALDI-TOF 
measurement.  
 
Chloro-telechelic PMAs prepared by SET-LRP with MDCA as initiator resulted in a 
perfect retention of chlorine atoms at both chain ends. Mixed hydroxyl-bromo-
telechelic PMAs obtained with HEBIB as initiator retained predominantly the bromine 
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atom at the ω-chain end. The other species observed resulted from the 
quaternization with or H-atom transfer from the ligand.  
 
Even though the chloro-telechelic PMAs showed a higher degree of functional end-
groups – compared to the hydroxyl-bromo-hetero-telechelic PMAs – the MALDI-TOF 
analyses after nucleophilic substitutions of these polymers with amines revealed no 
amino- or hydroxyl-telechelic PMAs – the hydroxyl-telechelic PMAs obtained with 2-
methylamino ethanol in the last series in the MALDI-TOF spectrum can be neglected. 
Certainly due to the higher binding energy of the C-Cl compared to the C-Br, 
modifications of chloro-telechelic PMA chains by nucleophilic substitutions need 
higher activation energy which induce side reactions. The choice of MDCA as initiator 
to perform SET-LRP of MA followed by NS with n-butylamine or 2-methylamino 
ethanol is inappropriate to obtain functional telechelic PMAs. 
 
However for mixed hydroxyl-bromo-telechelic PMAs modified by NS with n-
butylamine and 2-methylamino ethanol, lactam and lactone end-groups were formed 
and observed by MALDI-TOF analyses – no amino- and/or hydroxyl-telechelic PMAs 
were obtained. Hydroxyl-telechelic PMAs were obtained in a two-step reaction: first 
SET-LRP with HEBIB as initiator followed by NS with 3-amino-1-propanol (83 mol%).  
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Chapter 5 
 
Polyurethanes based on Hydroxyl-
Telechelic Poly(methyl acrylate)s and 
different Diisocyanate/Diamine 
Combinations 
ABSTRACT: New polyurethanes based on hydroxyl-telechelic poly(methyl acrylate)s 
and different diisocyanates and diamines were prepared by a two-step polyaddition 
process – formation of an isocyanate telechelic prepolymer followed by chain 
extension to form the final polyurethane. The hydroxyl-telechelic poly(methyl 
acrylate)s were obtained by two different concepts: (i) according to the first concept 
methyl acrylate is polymerized by Single Electron Transfer-Living Radical 
Polymerization (SET-LRP) using 2-hydroxyethyl 2-bromoisobutyrate (HEBIB) as 
hydroxyl-functional initiator followed by nucleophilic substitution of the halogen end-
group with 3-amino-1-propanol; (ii) according to the second concept after SET-LRP 
under the same conditions the halogen end-group is converted to an azide followed 
by a click reaction using sodium azide and propargyl alcohol in an one-pot reaction. 
Applying the second concept a hydroxyl-functional poly(methyl acrylate) (PMA) with a 
share of 83 mol% bifunctionality was obtained. This PMA-diol was used afterwards in 
polyaddition with different diisocyanates – isophorone diisocyanate (IPDI), 4,4’-
methylenebis(cyclohexyl isocyanate) (HMDI) and 4,4’-methylenediphenyl 
diisocyanate (MDI) – resulting in an isocyanate-telechelic prepolymer followed by 
chain extension with the corresponding diamines – isophorone diamine (IPDA), 4,4’-
methylenebis(cyclohexyl amine) (HMDA) and 4,4’-methylenediphenyl diamine (MDA). 
Polyurethanes (PUs) based on hydroxyl-telechelic PMAs and IPDI/IPDA had a 
molecular weight and a dispersity of Mn = 44500 g/mol and Ð = 3.5, respectively; 
those based on HMDI/HMDA had a molecular weight of Mn = 24600 g/mol and a 
dispersity of Ð = 2.2; and those based on MDI/MDA had a molecular weight and a 
dispersity of Mn = 16100 g/mol and Ð = 2.0, respectively. 
  
PUs based on hydroxyl-telechelic PMAs, diisocyanates and diamines 
 
 
108 
 
1 Introduction 
 
Polyurethanes are known to be versatile materials with a wide variety of properties 
which can be used in many domains – as for example adhesives, paints or building 
insulations.1 Generally polyurethanes are prepared by a two-step polyaddition 
process:2 polyester-diols or polyether-diols are reacted with an excess of 
diisocyanate to form isocyanate-telechelic prepolymers which are then converted with 
a chain extender – a small bifunctional molecule – to form high molecular weight 
polyurethanes.  
 
For the formulation process, the OH-value of the polymer-diol has to be determined 
in order to know exactly the ratio of reactive groups (ratio -OH/-NCO). The OH-value 
is expressed in mg KOH/g polymer. Many methods were developed in the literature 
to quantify the hydroxyl content.3 Standard procedures were developed by 
organizations such as for example ASTM (American Society for Testing and 
Materials) or DIN (Deutsches Institut für Normung) organizations.4,5 These standard 
procedures apply a chemical titration: an anhydride reagent reacts with the hydroxyl 
groups in presence of a pyridine catalyst; the formed acid is titrated by potentiometric 
or colorimetric method with a basic solution (NaOH or KOH).4,5 However, these 
methods are complex processes which require large quantities – gram scale – of 
starting materials and/or are not selective between hydroxyl end-groups and water. A 
recent publication permits the quantification of hydroxyl end-groups by 19F NMR 
spectroscopy.4 Directly in the NMR tube, hydroxyl end-groups of the polymer are 
converted with 4-fluorophenyl isocyanate in the presence of dibutyltin dilaurate 
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(DBTDL) as catalyst. A quantitative analysis of the resulting N-p-fluoro-
phenylurethane was possible with the help of an internal standard – α,α,α-
trifluorotoluene – (Scheme 1).4 OH-values of poly(ε-caprolactone)s, polyester-diols 
and commercial poly(ethylene glycol)s were evaluated by this procedure and by the 
standard ASTM method. Similar values were obtained with both methods.4 
 
 
Scheme 1. Quantification of the hydroxyl content by reaction of 4-fluorophenyl isocyanate 
with a diol sample and 19F NMR analysis (PEG = poly(ethylene glycol), PCL = poly(ε-
caprolactone), PES = polyester, Polymer = PEG, PCL or PES) 
 
By using this new process, small amounts (20 mg) of polymer are needed and the 
analysis time is considerably reduced.4 
 
To the best of our knowledge polyurethanes based on polyacrylates have not been 
reported in the literature. However, poly(methyl methacrylate)s (PMMAs) were 
already attached to polyurethane (PU) chains to form a tri-block copolymer: an 
isocyanate-telechelic polyurethane functionalized with 2-hydroxyethyl-2’-methyl-2’-
bromopropionate was successfully used as macroinitiator for Atom Transfer Radical 
Polymerization (ATRP) of MMA to obtain a tri-block copolymer PMMA-b-PU-b-
PMMA.6  
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In order to incorporate efficiently hydroxyl-telechelic polyacrylates instead of 
polyester-diols or polyether-diols in polyurethane chains, hydroxyl-telechelic 
polyacrylates must have end-group functionality of exactly two. Single Electron 
Transfer-Living Radical Polymerization (SET-LRP) as controlled radical 
polymerization procedure is known to preserve end-group functionality of poly(methyl 
acrylate)s (PMAs) at complete monomer conversion.7 Recently hydroxyl-telechelic 
poly(n-butyl acrylate) was prepared by SET-LRP using ethylene bis(2-
bromoisobutyrate) as bifunctional initiator followed by nucleophilic substitution with 2-
mercaptoethanol.8 MALDI-TOF analysis confirmed the presence of the desired 
polymer.  
 
Some time ago, ATRP, azidation and click reaction were reported as an one-pot 
reaction by Vermonden et al.9 A bromo-macroinitiator was used to perform the ATRP 
with CuBr/CuBr2 in CD3CN/D2O. After ≥ 80% monomer conversion, the bromine atom 
at the polymer chain-end was converted to azide group by reaction with an excess of 
sodium azide (2 eq. relative to initiator). After quantitative conversion of the bromine 
atoms within 5 min, the dansyl-propargylamide which can be fluorescently detected 
was added to the mixture (Scheme 2). Poly(oligo(ethylene glycol) monomethyl ether 
methacrylate)s were converted up to 70% by this process with bipyridine (Bpy) as 
ligand; while poly(N-isopropylacrylamide)s (NIPAm) were quantitatively endcapped 
with dansyl-propargylamide by using tris[2-(dimethyl-amino)ethyl]amine (Me6TREN) 
as ligand.9 This method can be applied to obtain hydroxyl-telechelic polyacrylates by 
using for example propargyl alcohol instead of the fluorophore. 
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Scheme 2. Presentation of ATRP, azidation and click reaction performed in an one-pot 
reaction9 (Monomer = oligo(ethylene glycol) monomethyl ether methacrylate or N-
isopropylacrylamide; Ligand = Bpy or Me6TREN) 
 
In the present work we describe the results for the preparation of polyurethanes 
based on hydroxyl-telechelic poly(methyl acrylate)s (PMAs) by polyaddition of 
hydroxyl-telechelic PMAs to different diisocyanates and by chain extension with the 
corresponding diamines. In order to obtain hydroxyl-telechelic PMAs, SET-LRP of 
MA was performed with 2-hydroxyethyl 2-bromoisobutyrate (HEBIB) as hydroxyl- and 
halogen-functional initiator followed by nucleophilic substitution of the halogen end-
groups with 3-amino-1-propanol in a two-step reaction or by azidation and click 
reaction with sodium azide and propargyl alcohol in an one-pot reaction. The OH-
value of the hydroxyl-telechelic PMAs was determined by 19F NMR spectroscopy 
after reaction of the PMA-diols with 4-fluorophenyl isocyanate.  
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2 Experimental part 
 
Materials 
Methyl acrylate (99%, Aldrich) was passed through a neutral aluminium oxide column 
before use. 2-Hydroxyethyl 2-bromoisobutyrate (HEBIB) (95%, Aldrich), tris[2-
(dimethylamino)ethyl]amine (Me6TREN) (97%, Aldrich), copper wire (Cu(0)) (20 
gauge, Fischer), copper(II) bromide (CuBr2) (99%, Aldrich), 3-amino-1-propanol 
(98%, Alfa Aesar), DMSO (Acros), sodium azide (100%, Merck), propargyl alcohol 
(99%, Aldrich), α,α,α-trifluorotoluene (99% anhydrous, Sigma-Aldrich), DMF (Sigma-
Aldrich), dibutyltin dilaurate (DBTDL) (95%, Alfa Aesar), 4-fluorophenyl isocyanate 
(98%, Alfa Aesar), 4-fluorophenyl chloroformate (98%, Aldrich), N-methyl-2-
pyrrolidinone (NMP) (Sigma-Aldrich), isophorone diisocyanate (IPDI) (99%, TCI 
Europe), isophorone diamine (IPDA) (99%, TCI Europe), 4,4’-
methylenebis(cyclohexyl isocyanate) (HMDI) (90%, Aldrich), 4,4’-
methylenebis(cyclohexyl amine) (HMDA) (98%, Alfa Aesar), 4,4’-methylenediphenyl 
diisocyanate (MDI) (98%, Aldrich) and 4,4’-methylenediphenyl diamine (MDA) (97%, 
Aldrich) were used as received.  
 
Measurements  
1H NMR (400 MHz) and 19F NMR (400 MHz) spectra were recorded on a Bruker 
DPX-400 FT-NMR spectrometer. Deuterated chloroform (CDCl3) or deuterated 
dimethyl sulfoxide (DMSO-d6) were used as solvents. All spectra were referenced to 
residual proton signals of the deuterated solvents.  
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Size exclusion chromatography (SEC) measurements with tetrahydrofuran (THF) as 
eluent were performed at a flow rate of 1.0 mL∙min-1 at 20°C. The solvent contained 
3,5-di-tert-butyl-4-hydroxytoluene (BHT) as internal standard. The SEC system was 
composed of a pre-column (8x50 mm) and four SDplus gel columns (8x300 mm). 
The diameter of the gel particles measured 5 µm and the nominal pore widths were 
50, 102, 103 and 104 Å. A high pressure liquid chromatography (HPLC) pump (PU-
2080plus, Jasco) with a refractive index detector (RI-2031plus, Jasco) was used. For 
size exclusion chromatography (SEC) measurements with dimethylformamide (DMF) 
as eluent, an Agilent 1100 system equipped with a dual RI-/Visco detector (ETA-
2020, WGE) was used. Measurements were performed at a flow rate of 1.0 mL∙min-1 
at 40°C. The solvent contained 1 g∙L-1 LiBr (≥99%, Sigma-Aldrich) and traces of 
distilled water as internal standard. The SEC system was composed of a pre-column 
(8x50 mm) and four GRAM gel columns (8x300 mm). The diameter of gel particles 
measured 10 µm and the nominal pore widths were 30, 100, 1000 and 3000 Å. 
Poly(methyl methacrylate) standards were used for the calibration. The number-
average molecular weight Mn, the weight-average molecular weight Mw, and the 
dispersity (Ð = Mw/Mn) were evaluated using the PSS WinGPC UniChrom software 
(Version 8.1.1). 
MALDI-TOF (Matrix Assisted Laser Desorption Ionization, Time-of-Flight) 
measurements were carried out on a Bruker ultrafleXtreme equipped with a 337 nm 
smartbeam laser in the reflective mode. THF solutions of trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) (20 µL of 20 mg/mL), 
sodium trifluoroacetate (0.5 µL of 10 mg/mL) and analyte (5 µL of 10 mg/mL) were 
mixed; 1 µL of this mixture were applied on the sample plate. Cesium triiodide was 
used for calibration.  
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General procedure for SET-LRP of MA with HEBIB followed by nucleophilic 
substitution with 3-amino-1-propanol 
For the SET-LRP, the procedure described by Haddleton et al.10 was followed. MA (5 
mL, 55.5 mmol), HEBIB (403 µL, 2.78 mmol), Me6TREN (88.2 µL), CuBr2 (31 mg) 
and DMSO (5 mL) were added to a 25 mL Schlenk tube. After degassing the solution 
six times by freeze-vacuum-thaw cycles the reaction flask was refilled with nitrogen 
gas and the activated Cu(0) wire (5 cm) was added under positive nitrogen pressure 
(the procedure for the activation of Cu(0) wire is described on the literature11). After 
degassing the reaction mixture once more by freeze-vacuum-thaw cycles, the sealed 
flask was refilled with nitrogen gas and stirred at room temperature for 1 hour (96 % 
conversion). The polymerization was stopped by exposing the reaction mixture to air. 
For purification the reaction mixture was passed through a short neutral aluminium 
oxide column to remove residual CuBr2 deactivator. The polymer solution was diluted 
with dichloromethane and washed with 5 % aqueous HCl solution. The organic 
phase was separated and dried over MgSO4. Solvents and residual monomers were 
removed under vacuum.  
Afterwards the nucleophilic substitution was performed with 3-amino-1-propanol. 
Hydroxyl-halogen hetero-telechelic poly(methyl acrylate)s (1.5 g) were converted with 
an excess of 3-amino-1-propanol (1.42 mL) in DMSO (15 mL). The mixture was 
stirred at RT for 2 days. For purification the polymer mixture was diluted with 
dichloromethane and washed with 5 % aqueous HCl solution and water. The organic 
phase was separated and dried over MgSO4. Solvents and residual molecules were 
removed under vacuum. The dialysis in dichloromethane was then performed for 2 
days in order to remove excess of 3-amino-1-propanol which can react with 
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isocyanate groups. Membrane RC 1000 Por® 6 (Spectrum Laboratories) was used 
and the solvent was changed twice.  
 
General procedure for SET-LRP of MA with HEBIB followed by azidation and 
click reaction in an one-pot reaction  
For the first part of the reaction, the procedure described by Haddleton et al.10 was 
followed. MA (2 mL, 22.2 mmol), HEBIB (161 µL, 1.11 mmol), Me6TREN (35.6 µL), 
CuBr2 (12 mg) and DMSO (2 mL) were added to a 50 mL Schlenk tube. After 
degassing the solution six times by freeze-vacuum-thaw cycles the reaction flask was 
refilled with nitrogen gas and the activated Cu(0) wire (5 cm) was added under 
positive nitrogen pressure (the procedure for the activation of Cu(0) wire is described 
on the literature11). After degassing the reaction mixture once more by freeze-
vacuum-thaw cycles, the sealed flask was refilled with nitrogen gas and stirred at 
room temperature for 30 min (93.4 % conversion). Then the sodium azide solution 
(2.2 mL, 1 M in DMSO/H2O (DMSO/H2O (vol/vol)=1.75)) was added slowly and the 
mixture was stirred at room temperature for 45 min. After that, the propargyl alcohol 
(64.6 µL) was added under positive nitrogen pressure and the solution was stirred at 
RT overnight. For purification the polymer solution was diluted with dichloromethane 
and washed with water. The organic phase was separated and dried over MgSO4. 
Solvents and residual monomers were removed under vacuum.  
 
Determination of the OH-value 
Hydroxyl-telechelic poly(methyl acrylate)s (55 mg) and α,α,α-trifluorotoluene (internal 
standard, 5 µL) were dissolved in CDCl3 (0.5 mL). The mixture was then transferred 
into a NMR tube. DMF (0.1 mL), DBTDL (0.5 µL) and an excess of 4-fluorophenyl 
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isocyanate (35 µL) were added to the tube. After 1 hour, the 19F NMR spectrum was 
recorded.  
 
Determination of residual amine-groups 
Hydroxyl-telechelic poly(methyl acrylate)s obtained by reaction of halogen end-
groups with 3-amino-1-propanol (48 mg) and α,α,α-trifluorotoluene (internal standard, 
5 µL) were dissolved in CDCl3 (0.6 mL). The mixture was then transferred into a NMR 
tube. An excess of 4-fluorophenyl chloroformate (38.1 µL) was added to the tube. 
After 1 hour at 50°C, the 19F NMR spectrum was recorded.  
 
General procedure for the preparation of polyurethanes based on hydroxyl-
telechelic PMAs and isophorone diisocyanate/isophorone diamine 
Hydroxyl-telechelic PMA (515 mg, 0.27 mmol) was added to a dry 25 mL Schlenk 
flask and was dried under vacuum for 30 min. The flask was then refilled with 
nitrogen gas. The polymer was dissolved in NMP (1.25 mL) and isophorone 
diisocyanate (IPDI) (102 µL, 0.48 mmol) was added to the polymer solution. The 
sealed flask was heated in an oil bath thermostated at 105°C and stirred for 6 hours. 
Afterwards, the oil bath temperature was set at 50°C. Isophorone diamine (IPDA) 
(39.2 µL, 0.21 mmol) dissolved in NMP (1.25 mL) was progressively added to the 
polymer mixture: the addition of diamine solution was made with a flow rate of 0.024 
mL/min in several steps (10 min addition, 10 min pause) until the diamine solution 
was completely added.  
 
The same procedure was used with other diisocyanate/diamine combinations:  
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- PMA (480 mg, 0.25 mmol) was dissolved in NMP (1.2 mL) and 4,4’-
methylenebis(cyclohexyl isocyanate) (HMDI) (111 µL, 0.45 mmol) was added 
to the polymer solution. The reaction was placed in an oil bath thermostated at 
105°C and stirred for 7 hours. Then 4,4’-methylenebis(cyclohexyl amine) 
(HMDA) (42 mg, 0.20 mmol) dissolved in NMP (1.2 mL) was progressively 
added to the polymer mixture as described above.  
- PMA (508 mg, 0.27 mmol) was dissolved in NMP (1.25 mL) and 4,4’-
methylenediphenyl diisocyanate (MDI) (120 mg, 0.48 mmol) was added to the 
polymer solution. The reaction was placed in an oil bath thermostated at 
105°C and stirred for 2 hours. Then 4,4’-methylenediphenyl diamine (MDA) 
(42 mg, 0.21 mmol) dissolved in NMP (1.25 mL) was progressively added to 
the polymer mixture as described above.  
 
3 Results and discussion 
 
Polyurethanes based on hydroxyl-telechelic polymers, diisocyanates and diamines 
are obtained in two consecutive steps: (i) conversion of the hydroxyl-telechelic 
polymers with an excess of diisocyanates which results in an isocyanate-telechelic 
prepolymer and (ii) chain extension by treatment with a diamine (Scheme 3). Special 
attention must be paid to the initial functionality of the hydroxyl-telechelic polymer – 
mono-functional polymers lead to chain termination – and to the amount of diamine 
used for chain extension – the ratio of [N=C=O]/[NH2] should be equal to unity.  
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In the present work hydroxyl-functional poly(methyl acrylate)s (PMAs) will be used in 
combination with three diisocyanates – isophorone diisocyanate (IPDI), 4,4’-
methylenebis(cyclohexyl isocyanate) (HMDI) and 4,4’-methylenediphenyl 
diisocyanate (MDI) – and as chain extender the corresponding diamines – 
isophorone diamine (IPDA), 4,4’-methylenebis(cyclohexyl amine) (HMDA) and 4,4’-
methylenediphenyl diamine (MDA) (Scheme 3). 
 
 
Scheme 3. Preparation of polyurethanes based on hydroxyl-telechelic PMAs, diisocyanates 
and diamines 
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3.1 Preparation and characterization of hydroxyl-telechelic 
PMAs 
 
By using Cu-mediated controlled radical polymerization, hydroxyl-telechelic polymers 
were obtained generally by conversion of the initially formed halogen end-groups to 
hydroxyl groups by nucleophilic substitution (NS) or Atom Transfer Radical Addition 
(ATRA).12,13 For the preparation of hydroxyl-telechelic PMAs we used 2-hydroxyethyl 
2-bromoisobutyrate (HEBIB) as functional initiator; the resulting hydroxyl-halogen 
hetero-telechelic PMAs were then converted into hydroxyl-telechelic PMAs by two 
procedures: (i) nucleophilic substitution with 3-amino-1-propanol or (ii) azidation and 
click reaction using sodium azide and propargyl alcohol. 
 
As already reported NS of the bromine end-group with 3-amino-1-propanol in DMSO 
at 25°C results in the formation of a lactam end-group in two steps: first by NS a 
secondary amine is formed which by intramolecular amidation forms a substituted 
highly stable -butyrolactam ring (Scheme 4). 
 
 
Scheme 4. Preparation of hydroxyl-telechelic PMAs by SET-LRP followed by nucleophilic 
substitution 
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By using the second approach which is based on the process of Vermonden et al.,9 
hydroxyl-telechelic PMAs were obtained by an one-pot reaction using SET-LRP, 
azidation and click reaction. SET-LRP of MA was performed with HEBIB as initiator, 
followed by the addition of sodium azide – bromine end-groups were converted to 
azide groups – and then the click reaction with propargyl alcohol was performed to 
obtain hydroxyl groups at both chain-ends (Scheme 5). 
 
 
Scheme 5. Preparation of hydroxyl-telechelic PMAs by SET-LRP, azidation and click reaction 
in an one-pot reaction 
 
These hydroxyl-telechelic poly(methyl acrylate)s obtained by the two approaches 
described above were analyzed by 1H NMR spectroscopy and GPC measurements 
(Table 1).   
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Table 1. Hydroxyl-telechelic poly(methyl acrylate)s obtained by (1) SET-LRP followed by NS 
in a two-step reaction or (2) by SET-LRP followed by azidation and click reaction in an one-
pot reaction 
N° 
Mn, th
(c)  
(g/mol) 
Mn,NMR  
(g/mol) 
Mn,GPC
(d)  
(g/mol) 
Mw/Mn
(d)
  
1(a) 1 900 1 400 1 600 1.1 
2(b) 1 600 1 500 1 800 1.2 
(a) [MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.12, [MA]0=5.3M and T = RT in DMSO (DMSO/MA 
(vol/vol)=1) – 96% conversion; then nucleophilic substitution with 3-amino-1-propanol [HEBIB]/[3-
amino-1-propanol] = 1/18 
(b) [MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.12, [MA]0=5.3M and T = RT in DMSO (DMSO/MA 
(vol/vol)=1) – 93.4% conversion; then azidation with [HEBIB]/[NaN3] = 1/2, [NaN3] = 1M in 
DMSO/H2O (DMSO/H2O (vol/vol)=1.75); and finally click reaction with [HEBIB]/[propargyl alcohol] 
= 1/1 
(c) Mn,th=([MA]0/[HEBIB]0) x conversion x M(MA)+M(HEBIB)-M(-Br)+M(added molecule part) 
(d) GPC in THF and determined with PMMA standards. 
 
These results showed that SET-LRP of MA are well controlled because at high 
monomer conversion (≥ 90 %) molecular weights determined by GPC(THF) and by 
1H NMR are close to corresponding theoretical molecular weights. Moreover the 
dispersity is quite low (Ð ≤ 1.2). In order to identify the structure of the polymer chain 
ends in the final products, MALDI-TOF analyses were performed for each PMA 
sample.  
 
The MALDI-TOF spectrum of hydroxyl-halogen hetero-telechelic PMAs converted by 
nucleophilic substitution with 3-amino-1-propanol shows three products (Figure 1 – 
Table 2).  
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Figure 1. MALDI-TOF spectrum of PMAs prepared by SET-LRP using HEBIB as initiator 
([MA]/[HEBIB]/[Me6TREN]/[CuBr2] = 20/1/0.12/0.05, [MA]0 = 5.3M, 5cm of Cu(0) and T = RT 
in DMSO) followed by nucleophilic substitution with 3-amino-1-propanol. Left: complete 
MALDI-TOF spectrum and right: part of the spectrum 
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Table 2. Structure of PMA chain ends as deduced from the mass determined by MALDI-TOF 
(Figure 1). Reaction conditions: SET-LRP of MA with [MA]/[HEBIB]/[Me6TREN]/[CuBr2] = 
20/1/0.12/0.05, [MA]0 = 5.3M, 5cm of Cu(0) and T = RT in DMSO, followed by nucleophilic 
substitution with 3-amino-1-propanol 
Series m/z  
1 1658.69 
 
2 1701.72 
 
3 1694.66 unknown 
 
 
The predicted hydroxyl-telechelic PMA obtained after the formation of the lactame 
group is the major species (series 1). In series 2, a hydroxyl-monofunctional PMA 
which is terminated with a double bond at the ω-chain end is found. The minor 
species (series 3) could not be identified. Although the MALDI-TOF analysis is not a 
quantitative method, the amount of the expected hydroxyl-telechelic PMA was 
estimated to be 63 mol%.  
 
In the MALDI-TOF spectrum of hydroxyl-telechelic PMAs prepared in an one-pot 
reaction by SET-LRP of MA with HEBIB as initiator followed by azidation and click 
reaction with sodium azide and propargyl alcohol, three products are present (Figure 
2 – Table 3). The major species (series 1) is the expected hydroxyl-telechelic PMA. 
The product present in series 2 could not be identified. The last species (series 3) is 
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a hydroxyl-monofunctional PMA with a hydrogen group at the ω-chain-end. However, 
side products are present in low intensity and the amount of the hydroxyl-telechelic 
PMAs was determined to be 83 mol%.  
 
 
 
Figure 2. MALDI-TOF spectrum of hydroxyl-telechelic PMA prepared by SET-LRP using 
HEBIB as initiator ([MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.12, [MA]0 = 5.3M, 5cm of 
Cu(0) and T = RT in DMSO) followed by azidation and click reaction with sodium azide and 
propargyl alcohol. Left: complete MALDI-TOF spectrum and right: part of the spectrum 
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Table 3. Structure of PMA chain ends as deduced from the mass determined by MALDI-TOF 
(Figure 2). Reaction conditions: SET-LRP of MA with [MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 
20/1/0.05/0.12, [MA]0 = 5.3M, 5cm of Cu(0) and T = RT in DMSO, followed by azidation and 
click reaction with sodium azide and propargyl alcohol 
Series m/z  
1 1714.67 
 
2 1690.98 unknown 
3 1703.67 
 
 
 
To determine the content of hydroxyl-functional polyacrylates, the OH-value was 
determined by following the process described in the literature4 using 19F NMR 
spectroscopy after reaction of the polymer with 4-fluorophenyl isocyanate (Scheme 
1). However, this process has to be modified as a problem of solubility occurs during 
the reaction in the NMR tube. The problem was solved by addition of a small amount 
of DMF. The experimental OH-value was calculated according to the equation (Eq 1). 
 
 Eq 1 
 
The OH-value is expressed in mg KOH/g polymer. The weight of potassium 
hydroxide (KOH) is equal to the molar amount of hydroxyl-groups (n(-OH)) multiply 
by the molar mass of potassium hydroxide (M(KOH) = 56.1 g/mol = 56100 mg/mol) 
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(Eq 1).The molar amount of hydroxyl groups was determined by the equation (Eq 2) 
after a 19F NMR analysis.  
 
Eq 2 
 
This molar amount is equal to the integration of fluorinated product peak 
corresponding to reacted OH-groups divided by one (one fluorine atom 
corresponding to one OH-group), multiplied by the molar amount of α,α,α-trifluoro-
toluene used as internal standard, and divided by the integration of internal standard 
peak divided by three (three fluorine atoms are present in the internal standard 
molecule).  
 
The theoretical OH-value could be calculated by following equation (Eq 3) with 
molecular weights determined by GPC measurement or NMR spectroscopy. In this 
equation we assume that two hydroxyl-groups (n(-OH) = 2) are present at the end of 
the polymer chain (n(polymer) = 1). 
 
   Eq 3  
 
The theoretical OH-values of hydroxyl-telechelic PMAs prepared in our lab were 
calculated with molecular weights determined by 1H NMR and GPC measurements. 
The OH-values were also determined experimentally by using 19F NMR 
spectroscopy. Results of theoretical and experimental OH-values are presented in 
Table 4. 
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Table 4. Theoretical and experimental OH-values for hydroxyl-telechelic poly(methyl 
acrylate)s prepared by (1) SET-LRP followed by NS in a two-step reaction or (2) by SET-LRP 
followed by azidation and click reaction in an one-pot reaction 
PMAs 
Theoretical OH-value 
(mg KOH/g polymer) 
 
 
 
Experimental OH-value  
(mg KOH/g polymer) 
1(a) 
70.1
(c) 
– 80.1
(d)
  
79.1 
M
n,GPC 
= 1600 g/mol//M
n,NMR 
= 1400 g/mol 
 
M
n
(e) 
= 1400 g/mol 
2(b) 
62.3
(c)
 – 74.8
(d)
  
58.2 
M
n,GPC 
= 1800 g/mol//M
n,NMR 
= 1500 g/mol 
 Mn
(e) 
= 1900 g/mol 
(a) [MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.12, [MA]0=5.3M and T = RT in DMSO (DMSO/MA 
(vol/vol)=1) – 96% conversion; then nucleophilic substitution with 3-amino-1-propanol [HEBIB]/[3-
amino-1-propanol] = 1/18 
(b) [MA]/[HEBIB]/[CuBr2]/[Me6TREN] = 20/1/0.05/0.12, [MA]0=5.3M and T = RT in DMSO (DMSO/MA 
(vol/vol)=1) – 93.4% conversion; then azidation with [HEBIB]/[NaN3] = 1/2, [NaN3] = 1M in 
DMSO/H2O (DMSO/H2O (vol/vol)=1.75); and finally click reaction with [HEBIB]/[propargyl alcohol] 
= 1/1 
(c) Value calculated with Mn,GPC of PMAs 
(d) Value calculated with Mn,NMR of PMAs 
(e) Molecular weight calculated for HO-PMA-OH based on the experimental OH-value 
 
The experimental OH-values are close to the corresponding theoretical OH-values. 
However, the experimental OH-value of the hydroxyl-telechelic PMA prepared by 
SET-LRP with HEBIB as initiator followed by NS with 3-amino-1-propanol (PMA 1, 
Table 4) is higher than expected if we compare the OH-value with the MALDI-TOF 
analysis of this polymer (Table 2: only 63 mol% of PMA 1 is bifunctional). An 
explanation for this result could be that residual 3-amino-1-propanol is still present in 
the polymer mixture. To confirm this hypothesis, 19F NMR spectroscopy was 
performed after reaction of the polymer with 4-fluorophenyl chloroformate which 
reacts only with amine groups. 19F NMR analysis (Figure 3) shows a fluoro-peak 
corresponding to p-fluorophenyl urethane at δ = -125.7 ppm. Therefore, residual 3-
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amino-1-propanol is still present after dialysis; the dialysis performed for purification 
of the polymer is not efficient in this case. Since 3-amino-1-propanol can react with 
isocyanate groups and hydroxyl-telechelic PMA is present only in 63 mol%, this 
polymer will not be used in further steps. 
 
 
Figure 3. 19F NMR analysis after reaction of the polymer (hydroxyl-telechelic PMAs prepared 
by SET-LRP with HEBIB as initiator followed by NS with 3-amino-1-propanol) with 4-
fluorophenyl chloroformate. (R = -CH2-CH2-CH2-OH) 
 
Nevertheless, the experimental OH-value of the hydroxyl-telechelic PMA prepared by 
SET-LRP with HEBIB as initiator followed by azidation and click reaction with sodium 
azide and propargyl alcohol is in accordance with the MALDI-TOF analysis (Table 3); 
this polymer will be used for the polyaddition with diisocyanates and diamines.  
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3.2 Preparation and characterization of polyurethanes 
based on hydroxyl-telechelic PMAs 
 
Polyurethanes were prepared in a two-step reaction: first hydroxyl-telechelic PMAs 
were reacted with diisocyanates in a ratio of -OH/-NCO = 0.56 to form a prepolymer; 
then the prepolymer was reacted with a chain extender – a corresponding diamine – 
in order to have a ratio (-OH + -NH)/-NCO close to unity to obtain high molecular 
weight polyurethanes (Scheme 3). Different diisocyanates were tested: isophorone 
diisocyanate (IPDI), 4,4’-methylenebis(cyclohexyl isocyanate) (HMDI) and 4,4’-
methylenediphenyl diisocyanate (MDI). IPDI has isocyanate groups which have 
different reactivity; for HMDI and MDI, the polyaddition should be faster than for IPDI 
because isocyanate groups have less steric hindrance. As reported in the literature 
(Table 5)14 the relative reactivity of different diisocyanates was determined: k1 is for 
the conversion of the first NCO group with OH groups and k2 is for the conversion of 
the second NCO group. According to these values, the reaction time for prepolymers 
based on HMDI is longer than for IPDI and much longer than for MDI.  
 
Table 5. Relative reactivity of different diisocyanates: k1 is for the addition of the first OH-
group and k2 is for the addition of the second OH-group 
Diisocyanates k1 k2 
TDI 400 33 
MDI 320 110 
HDI 1 0.5 
HMDI 0.57 0.40 
IPDI 0.62 0.23 
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Polyurethanes based on hydroxyl-telechelic PMAs and diisocyanate/diamine 
combinations were characterized by GPC(DMF) in order to determine the shift of 
molecular weights of the final polyurethane. GPC spectra of each polyurethane and 
the corresponding starting PMA are presented in Figures 4 to 6. 
 
Figure 4. GPC(DMF) traces of polyurethanes based on hydroxyl-telechelic PMAs (starting 
polymer) and IPDI/IPDA 
 
Figure 5. GPC(DMF) traces of polyurethanes based on hydroxyl-telechelic PMAs (starting 
polymer) and HMDI/HMDA 
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Figure 6. GPC(DMF) traces of polyurethanes based on hydroxyl-telechelic PMAs (starting 
polymer) and MDI/MDA 
 
Molecular weights and dispersities (Mw/Mn) of polyurethanes (PUs) based on PMA-
diols and IPDI/IPDA, HMDI/HMDA or MDI/MDA are detailed in Table 6. The 
molecular weight and the dispersity of the starting hydroxyl-telechelic PMA are also 
given. 
 
Table 6. Molecular weights and dispersities determined by GPC(DMF) analysis of 
poly(methyl acrylate) and polyurethanes 
Polymers 
Mn 
(g/mol) 
Mw/Mn 
Hydroxyl-telechelic PMA 2 500 1.1 
PU based on PMA + IPDI/IPDA 44 500 3.5 
PU based on PMA + HMDI/HMDA 24 600 2.2 
PU based on PMA + MDI/MDA 16 100 2.0 
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By polyaddition of the hydroxyl-telechelic PMA and different diisocyanate/diamine 
combinations, molecular weights of the resulting polyurethanes are increased. That 
means that the starting polymers are well-defined hydroxyl-telechelic PMAs. 
However, for each polymerization a small amount of starting polymer is always 
present.   
Polyurethane based on PMA and IPDI/IPDA has a higher molecular weight and for a 
polyaddition reaction the expected value for the dispersity.  
In the GPC spectrum of the PU based on PMA and HMDI/HMDA, a small peak which 
corresponds to a molecular weight of 1.07.106 g/mol is present.  
Even though MDI has normally a high reactivity, the PU based on PMA and 
MDI/MDA has the lowest molecular weight.  
 
4 Conclusions 
 
In order to obtain polyurethanes based on hydroxyl-telechelic PMAs, diisocyanates 
and diamines, hydroxyl-telechelic PMAs were prepared by two different procedures.  
The first procedure using SET-LRP with 2-hydroxyethyl 2-bromoisobutyrate (HEBIB) 
as hydroxyl-functional initiator followed by nucleophilic substitution with 3-amino-1-
propanol gave hydroxyl-telechelic PMAs by formation of lactame groups at the ω-
chain-ends. According to MALDI-TOF analysis, the expected polymer was 
determined to be in a share of 63 mol%. However, according to 19F NMR analysis, 
residual 3-amino-1-propanol which can react with isocyanate groups was still 
present, even if dialysis was performed. Therefore this procedure was abandoned.  
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The second procedure using SET-LRP with HEBIB as initiator followed by azidation 
and click reaction with sodium azide and propargyl alcohol gave hydroxyl-telechelic 
PMAs in an one-pot reaction. According to MALDI-TOF analysis, the expected 
polymer was the major product with a share of 83 mol%. By using the 19F NMR 
analysis, the OH-value was determined to be 58.2 mg KOH/g polymer which is in 
accordance with other analyses (NMR, GPC and MALDI-TOF measurements). This 
polymer was used for the polyaddition with diisocyanates and diamines.  
 
Polyurethanes (PUs) based on hydroxyl-telechelic PMAs and different 
diisocyanate/diamine combinations were prepared in a two-step reaction – with the 
formation of a prepolymer in the first step. Different diisocyanates and corresponding 
diamines were used: isophorone diisocyanate (IPDI), isophorone diamine (IPDA), 
4,4’-methylenebis(cyclohexyl isocyanate) (HMDI), 4,4’-methylenebis(cyclohexyl 
amine) (HMDA), 4,4’-methylenediphenyl diisocyanate (MDI) and 4,4’-
methylenediphenyl diamine (MDA). All tested combinations increased the molecular 
weight of starting materials. These experiments confirm the bifunctionality of the PMA 
used as starting material. PUs based on hydroxyl-telechelic PMAs and IPDI/IPDA 
had the highest molecular weight – 44500 g/mol – with a dispersity of 3.5 if a 
comparison with the other tested combinations is made: PU based on hydroxyl-
telechelic PMAs and HMDI/HMDA had a molecular weight of Mn = 24600 g/mol and a 
dispersity of Ð = 2.2; and PU based on hydroxyl-telechelic PMAs and MDI/MDA had 
a molecular weight and a dispersity of Mn = 16100 g/mol and Ð = 2.0, respectively. 
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Chapter 6 
 
Hair Cosmetic Application of 
Polyurethanes based on hydroxyl-
telechelic Poly(methyl acrylate) used as 
Fixing Polymer 
 
ABSTRACT: Hairstyling products are in constant evolution according to wishes of 
customers. Many fixing polymers were developed to reach the customer expectations 
which are nowadays a combination of hold and flexibility. Polyurethanes are 
interesting with regard to good flexibility of the shape and polyacrylates are 
remarkable due to their good interactions with the hair and to provide the hold. In this 
work new polyurethanes (PUs) based on hydroxyl-telechelic poly(methyl acrylate) 
(PMA) were prepared by successive additions of diisocyanates and diiamines. 
Different diisocyanates and diamines were used: isophorone diisocyanate (IPDI) and 
isophorone diamine (IPDA); 4,4’-methylenebis(cyclohexyl isocyanate) (HMDI) and 
4,4’-methylenebis(cyclohexyl amine) (HMDA); and 4,4’-methylenediphenyl 
diisocyanate (MDI) and 4,4’-methylenediphenyl diamine (MDA). Moreover, PUs 
based on polyether-diol – poly(THF)-diol – or polyester-diol – poly(ε-caprolactone)-
diol – and IPDI/IPDA were prepared in order to compare PUs based on PMA and 
IPDI/IPDA with the PUs employed already in cosmetic application. Characteristics of 
PUs were determined by GPC, DSC and IGA-Sorp measurements; while hair 
properties of PUs based on IPDI and IPDA were evaluated with standard tests in hair 
domain: evaluation of curl retention at high relative humidity, wash-ability test and 
scanning electron microscopy.  
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1 Introduction 
 
The actual hairstyling trend heads for “natural” fixed hairstyles: the fixing polymer 
must provide a good hold combined with a good flexibility to keep the hair in place 
with natural effect. The hair shaft is constituted of three components (Scheme 1): the 
cuticle which is a hydrophobic surface, the cortex which is the main part and the 
medulla which is sometimes absent in human hair.1  
 
 
Scheme 1. Cross section of mature hair 
 
Hair is composed of 75% amorphous and 25% crystalline structures. To keep a 
shape of a hairstyle, a thin layer of polymers has to maintain a 80 µm thick fiber 
which is mostly amorphous; the polymer thickness is around 1% of the hair. 
However, to maintain the hairstyle, fixing polymers can behave: (i) like a protective 
film on hair, limiting the water penetration, or (ii) like “sticky” polymers, forming bonds 
between hair fibers.  
 
Generally styling polymers used in hair cosmetic applications are composed of 
vinylpyrrolidone (VP), vinyl acetate (VA) and/or acrylate monomers. Recently 
polyurethanes (PUs) are developed as film formers for hairstyling products.2 They are 
known to provide a good flexibility of the hairstyle and to be easy to formulate in low 
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VOC (Volatile Organic Compounds) formulations. Chemically the polyurethane-1 
taken as example (Scheme 2)2 is composed of: (i) a hard segment which is 
composed of diisocyanate, solubilizing agent and diol in this case; (ii) a soft segment 
which is a polyol; and (iii) the whole extended by diamine. For information, polyols 
are mainly polyether-diols or polyester-diols; and IPDI is the most diisocyanate used 
for the preparation of PUs employed in cosmetic applications. 
 
 
Scheme 2. Structure of polyurethane-1 
 
In order to evaluate fixing polymers, different methods were developed to 
characterize styling product properties as for example the curl retention, the flexibility 
and durability of hair, the comb-ability, or even the sensorial characteristics which are 
the most important ones for the consumer.3-5 Polymers have to be also easily 
removable with surfactant solution, water or by brushing.6 The most important 
property of these hair fixative polymers is the style retention (or hold). The curl 
retention test is the most unambiguous method for obtaining information about the 
holding property.7 For the wash-ability test, a washing with a sodium lauryl ether 
sulfate solution is the most used. Concerning the deposition of polymers on human 
hair, it can be explored by scanning electron microscopy (SEM).7  
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In the present work, the properties for applications in hair cosmetic of different 
polyurethanes are described and compared. For the preparation of polyurethanes, 
different polyols are used: poly(methyl acrylate)-diol, poly(ε-caprolactone)-diol and 
poly(THF)-diol; and different diisocyanates and diamines tested: isophorone 
diisocyanate (IPDI), isophorone diamine (IPDA), 4,4’-methylenebis(cyclohexyl 
isocyanate) (HMDI), 4,4’-methylenebis(cyclohexyl amine) (HMDA), 4,4’-
methylenediphenyl diisocyanate (MDI) and 4,4’-methylenediphenyl diamine (MDA). 
First polyurethanes are characterized by GPC, DSC and IGA-Sorp, then 
polyurethanes based on IPDI and IPDA are applied on human hair and evaluated by 
High Humidity Curl Retention (HHCR) test, wash-ability measurements and scanning 
electron microscopy (SEM).  
 
2 Experimental part 
 
Materials 
Methyl acrylate (99%, Aldrich) was passed through a neutral aluminium oxide column 
before use. ε-Caprolactone (99%, ABCR) was stirred with calcium hydride for 24 h, 
distilled under reduced pressure, and stored under a nitrogen atmosphere over 
molecular sieves (3 Å). Poly(tetrahydrofuran) (PTHF) (Mn = 2000 g/mol, Aldrich) was 
washed with 5% NaOH solution to remove 0.05 - 0.07% BHT used as stabilizator. 2-
Hydroxyethyl 2-bromoisobutyrate (HEBIB) (95%, Aldrich), tris[2-
(dimethylamino)ethyl]amine (Me6TREN) (97%, Aldrich), copper wire (Cu(0)) (20 
gauge, Fischer), copper(II) bromide (CuBr2) (99%, Aldrich), DMSO (Acros), sodium 
azide (100%, Merck), propargyl alcohol (99%, Aldrich), tin(II) 2-ethylhexanoate 
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(Sn(oct)2) (95%, Sigma-Aldrich), 1,6-hexanediol (97%, Merck), N-methyl-2-
pyrrolidinone (NMP) (Sigma-Aldrich), isophorone diisocyanate (IPDI) (99%, TCI 
Europe), isophorone diamine (IPDA) (99%, TCI Europe), 4,4’-
methylenebis(cyclohexyl isocyanate) (HMDI) (90%, Aldrich), 4,4’-
methylenebis(cyclohexyl amine) (HMDA) (98%, Alfa Aesar), 4,4’-methylenediphenyl 
diisocyanate (MDI) (98%, Aldrich), 4,4’-methylenediphenyl diamine (MDA) (97%, 
Aldrich) and dibutyltin dilaurate (DBTDL) (95%, Alfa Aesar) were used as received. 
European hair (color: 6/0, mixture 63, 21cm total length from Kerling) was used for 
hair tests.  
 
Measurements 
1H NMR (400 MHz) and 19F NMR (400 MHz) spectra were recorded on a Bruker 
DPX-400 FT-NMR spectrometer. Deuterated chloroform (CDCl3) or deuterated 
dimethyl sulfoxide (DMSO-d6) were used as solvents. All spectra were referenced to 
residual proton signals of the deuterated solvents.  
Size exclusion chromatography (SEC) measurements with tetrahydrofuran (THF) as 
eluent were performed at a flow rate of 1.0 mL/min at 20°C. The solvent contained 
3,5-di-tert-butyl-4-hydroxytoluene (BHT) as internal standard. The SEC system was 
composed of a pre-column (8x50 mm) and four SDplus gel columns (8x300 mm). 
The diameter of the gel particles measured 5 µm and the nominal pore widths were 
50, 102, 103 and 104 Å. A high pressure liquid chromatography (HPLC) pump (PU-
2080plus, Jasco) with a refractive index detector (RI-2031plus, Jasco) was used. For 
size exclusion chromatography (SEC) measurements with dimethylformamide (DMF) 
as eluent, an Agilent 1100 system equipped with a dual RI-/Visco detector (ETA-
2020, WGE) was used. Measurements were performed at a flow rate of 1.0 mL∙min-1 
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at 40°C. The solvent contained 1 g∙L-1 LiBr (≥99%, Sigma-Aldrich) and traces of 
distilled water as internal standard. The SEC system was composed of a pre-column 
(8x50 mm) and four GRAM gel columns (8x300 mm). The diameter of gel particles 
measured 10 µm and the nominal pore widths were 30, 100, 1000 and 3000 Å. 
Poly(methyl methacrylate) standards were used for the calibration. The number-
average molecular weight Mn, the weight-average molecular weight Mw, and the 
dispersity (Ð = Mw/Mn) were evaluated using the PSS WinGPC UniChrom software 
(Version 8.1.1). 
DSC (Differential Scanning Calorimetry) analysis was performed on a Netzsch DSC 
204 ‘Phoenix’ (Netzsch, Selb, Germany) equipped with TASC 414/4 TA controller 
and CC 200 L Liquid nitrogen Cooling System. Samples (3-6 mg) were placed in 
aluminium crucibles (25 µL), closed and two holes were pierced in the lid. Measure-
ments were made with a minimum of two cooling-heating cycles (from -140°C to 
150°C) under 20 mL/min nitrogen draft using a scan rate of 10 K/min. The glass 
transition temperature of samples was evaluated using the Netzsch Proteus – 
Thermal Analysis software (Version 4.2.1). 
Moisture sorption analysis was performed on a Hiden Isochema IGA-Sorp device 
equipped with Huber CC-106A-E Heating Thermostat. Isotherm measurements were 
performed at 5, 15, 30, 50, 70 and 90% relative humidity (RH) and at 25-28°C; 
starting from the lowest RH, one or two adsorption-desorption cycles were made. An 
ultra-sensitive microbalance measured weight changes of the sample. A minimum of 
10 mg of samples was required. Once the equilibrium has been reached at given RH 
and at constant regulated temperature, the sample weight was recorded in the 
corresponding software.  
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SEM (Scanning Electron Microscopy) was performed on a Hitachi S-3000N using an 
accelerating voltage of 15 kV. Before scanning, the collector was sputtered with gold 
(6 nm) in a Leica EM ACE600 device.   
 
Preparation of the hydroxyl-telechelic poly(methyl acrylate) (PMA) by Single 
Electron Transfer-Living Radical Polymerization (SET-LRP) of MA with HEBIB 
followed by azidation and click reaction in an one-pot reaction  
For the first part of the reaction, the procedure described by Haddleton et al.8 was 
followed. MA (2 mL, 22.2 mmol), HEBIB (161 µL, 1.11 mmol), Me6TREN (35.6 µL), 
CuBr2 (12 mg) and DMSO (2 mL) were added to a 50 mL Schlenk tube. After 
degassing the solution six times by freeze-vacuum-thaw cycles the reaction flask was 
refilled with nitrogen gas and the activated Cu(0) wire (5 cm) was added under 
positive nitrogen pressure (the procedure for the activation of Cu(0) wire is described 
on the literature9). After degassing the reaction mixture once more by freeze-vacuum-
thaw cycles, the sealed flask was refilled with nitrogen gas and stirred at room 
temperature for 30 min (93.4 % conversion). Then the sodium azide solution (2.2 mL, 
1 M in DMSO/H2O (DMSO/H2O (vol/vol)=1.75)) was added slowly and the mixture 
was stirred at room temperature for 45 min. After that, the propargyl alcohol (64.6 µL) 
was added under positive nitrogen pressure and the solution was stirred at RT 
overnight. For purification the polymer solution was diluted with dichloromethane and 
washed with water. The organic phase was separated and dried over MgSO4. 
Solvents and residual monomers were removed under vacuum.  
 
  
Hair cosmetic application of PU based on hydroxyl-telechelic PMAs 
 
 
144 
 
Preparation of the poly(ε-caprolactone)-diol (PCL) 
ε-Caprolactone, 1,6-hexanediol and Sn(oct)2 were added to a 25 mL Schlenk flask 
dried. The mixture was stirred in an oil bath thermostated at 130°C for 24 hours 
under inert atmosphere.  
 
General procedure for the preparation of polyurethanes with PMA-IPDI-IPDA 1 
Hydroxyl-telechelic PMA (515 mg, 0.27 mmol) was added to a dry 25 mL Schlenk 
flask and was dried under vacuum for 30 min. The flask was then refilled with 
nitrogen gas. The polymer was dissolved in NMP (1.25 mL) and isophorone 
diisocyanate (IPDI) (102 µL, 0.48 mmol) was added to the polymer solution. The 
sealed flask was heated in an oil bath thermostated at 105°C and stirred for 6 hours. 
Afterwards, the oil bath temperature was set at 50°C. Isophorone diamine (IPDA) 
(39.2 µL, 0.21 mmol) dissolved in NMP (1.25 mL) was progressively added to the 
polymer mixture: the addition of diamine solution was made with a flow rate of 0.024 
mL/min in several steps (10 min addition, 10 min pause) until the diamine solution 
was completely added. 
For PMA-IPDI-IPDA 2: PMA (9.17 g, 4.58 mmol) was dissolved in NMP (23 mL) and 
IPDI (1.72 mL, 8.21 mmol) was added to the polymer solution. The reaction was 
placed in an oil bath thermostated at 105°C and stirred for 6 hours. Then IPDA (663 
µL, 3.62 mmol) dissolved in NMP (23 mL) was continuously added to the polymer 
mixture with a flow rate of 0.024 mL/min.   
For PMA-HMDI-HMDA: PMA (480 mg, 0.25 mmol) was dissolved in NMP (1.2 mL) 
and 4,4’-methylenebis(cyclohexyl isocyanate) (HMDI) (111 µL, 0.45 mmol) was 
added to the polymer solution. The reaction was placed in an oil bath thermostated at 
105°C and stirred for 7 hours. Then 4,4’-methylenebis(cyclohexyl amine) (HMDA) (42 
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mg, 0.20 mmol) dissolved in NMP (1.2 mL) was progressively added to the polymer 
mixture as described above for the PMA-IPDI-IPDA 1 experiment.  
For PMA-MDI-MDA: PMA (508 mg, 0.27 mmol) was dissolved in NMP (1.25 mL) and 
4,4’-methylenediphenyl diisocyanate (MDI) (120 mg, 0.48 mmol) was added to the 
polymer solution. The reaction was placed in an oil bath thermostated at 105°C and 
stirred for 2 hours. Then 4,4’-methylenediphenyl diamine (MDA) (42 mg, 0.21 mmol) 
dissolved in NMP (1.25 mL) was progressively added to the polymer mixture as 
described above for the PMA-IPDI-IPDA 1 experiment.  
For PCL-IPDI-IPDA: PCL (514 mg, 0.26 mmol) was dissolved in NMP (1.2 mL) and 
IPDI (96.3 µL, 0.46 mmol) was added to the polymer solution. The reaction was 
placed in an oil bath thermostated at 105°C and stirred for 1 hour. Then IPDA (36.8 
µL, 0.20 mmol) dissolved in NMP (1 mL) was progressively added to the polymer 
mixture as described above for the PMA-IPDI-IPDA 1 experiment.  
For PTHF-IPDI-IPDA 1: The procedure described above for PCL-IPDI-IPDA was 
performed with PTHF (502 mg, 0.23 mmol) in NMP (1.2 mL), DBTDL (3 µL) added as 
catalyst, IPDI (85.5 µL, 0.41 mmol) and IPDA (33 µL, 0.18 mmol) dissolved in NMP 
(1 mL).  
For PTHF-IPDI-IPDA 2: The same experiment as for PCL-IPDI-IPDA was performed 
with PTHF (534 mg, 0.24 mmol) in NMP (1.2 mL), IPDI (90.9 µL, 0.43 mmol) and 
IPDA (35.1 µL, 0.19 mmol) dissolved in NMP (1 mL). The reaction was placed in an 
oil bath thermostated at 105°C and stirred for 6 hours.   
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3 Results and discussion 
 
Polyurethanes (PUs) are prepared by polyaddition with hydroxyl-telechelic 
poly(methyl acrylate) (PMA), poly(ε-caprolactone)-diol (PCL) or poly(THF)-diol 
(PTHF) and different diisocyanates/diamines combinations (Scheme 3): isophorone 
diisocyanate (IPDI)/isophorone diamine (IPDA), 4,4’-methylenebis(cyclohexyl 
isocyanate) (HMDI)/4,4’-methylenebis(cyclohexyl amine) (HMDA) or 4,4’-
methylenediphenyl diisocyanate (MDI)/4,4’-methylenediphenyl diamine (MDA).  
 
 
Scheme 3. Structure of polyurethanes prepared with poly(methyl acrylate)-diol (PMA), poly(ε-
caprolactone)-diol (PCL) or poly(THF)-diol (PTHF) and with different diisocyanate/diamine 
combinations 
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For application in hair cosmetic, these polyurethanes are used as film-formers or 
fixing polymers for hairstyling. These polymers have to maintain the shape of hair 
and to be washed out. In this present work, polyurethanes characteristics are 
evaluated by GPC, DSC and IGA-Sorp measurements in order to characterize 
molecular weight, glass transition temperature and water sorption, respectively, of 
these polymers. Then, properties of PUs based on hydroxyl-telechelic PMA and 
IPDI/IPDA are compared with the ones of PUs based on a polyester-diol – PCL – or a 
polyether-diol – PTHF – and IPDI/IPDA. In order to determine the holding of these 
polymers, the High Humidity Curl Retention (HHCR) test is performed; and to know if 
these polymers are removable, the wash-ability test is performed. Moreover, hairs 
with polymers and after washing are viewed by Scanning Electron Microscopy (SEM) 
in order to see the behavior of PUs on hair.   
 
3.1 Characterization of polyurethanes 
 
Polyurethanes (PUs) are prepared by a two-step polyaddition process: first polymer-
diols are reacted with an excess of diisocyanates to form isocyanate-telechelic 
prepolymers; then these prepolymers grow up by chain extention with corresponding 
diamines. In this study, PUs based on hydroxyl-telechelic PMA and IPDI/IPDA are 
prepared in two different routes: (i) PMA-IPDI-IPDA 1, the addition of IPDA is made 
progressively with temporary stops; and (ii) PMA-IPDI-IPDA 2, IPDA is added 
continuously. Two other PUs based on hydroxyl-telechelic PMA are prepared by the 
same route as PMA-IPDI-IPDA 1: one with HMDI/HMDA (PMA-HMDI-HMDA) and 
another with MDI/MDA (PMA-MDI-MDA). Furthermore, in order to compare PUs 
based on polyacrylate with the traditional ones, PUs based on polyester-diol or 
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polyether-diol are prepared: (i) polyester-based PUs are prepared with poly(ε-
caprolactone) and IPDI/IPDA (PCL-IPDI-IPDA); and (ii) PUs based on polyether-diol 
and IPDI/IPDA are prepared with poly(THF)-diol in presence of dibutyltin dilaurate 
(DBTDL) as catalyst (PTHF-IPDI-IPDA 1) or without catalyst (PTHF-IPDI-IPDA 2). 
Hydroxyl-telechelic PMA and poly(ε-caprolactone)-diol were synthesized; while 
poly(THF)-diol was purchased. For all polyurethanes, the molecular weight of starting 
polymer-diols was up to 2000 g/mol.  
 
Commonly the most important characteristics of polymers are the molecular weight 
(Mn) and the dispersity (Ð = Mw/Mn) which are determined by GPC measurements. 
GPC(DMF) measurements are performed for each polyurethane (Figures 1 and 2) 
and reported in Table 1.  
 
Table 1. Molecular weight (Mn) and dispersity (Mw/Mn) of polyurethanes: PMA-IPDI-IPDA 1 
and 2, PMA-HMDI-HMDA, PMA-MDI-MDA, PCL-IPDI-IPDA, and PTHF-IPDI-IPDA 1 and 2 
determined by GPC(DMF)  
Polymer name 
Molecular weight 
(Mn) 
Mw/Mn 
PMA-IPDI-IPDA 1 44 500 g/mol 3.5 
PMA-IPDI-IPDA 2 9 500 g/mol 1.4 
PMA-HMDI-HMDA 24 600 g/mol 2.2 
PMA-MDI-MDA 16 100 g/mol 2.0 
PCL-IPDI-IPDA 108 700 g/mol 3.0 
PTHF-IPDI-IPDA 1 70 000 g/mol 2.4 
PTHF-IPDI-IPDA 2 9 400 g/mol 1.7 
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Figure 1. GPC traces of PUs based on poly(methyl acrylate) (PMA) and the starting hydroxyl-
telechelic PMA 
 
 
Figure 2. GPC traces of PUs based on poly(ε-caprolactone) (PCL) and poly(THF) (PTHF) 
and their starting polymer-diols 
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As seen from GPC spectra in Figures 1 and 2, all polyurethanes have higher 
molecular weights than starting polymer-diols. However, a small amount of hydroxyl-
telechelic PMA is always present in the corresponding polyurethane GPC traces 
(Figure 1). PMA-IPDI-IPDA 1 obtains the highest molecular weight (Mn = 44500 
g/mol) of PUs based on hydroxyl-telechelic PMA. If the diamine is added 
continuously during the polyaddition as for example in PMA-IPDI-IPDA 2, the 
molecular weight of this PU is lower (Mn = 9500 g/mol) than the one of the PU 
obtained by progressive addition of diamine (Mn of PMA-IPDI-IPDA 1). Otherwise, PU 
based on PMA and HMDI/HMDA or MDI/MDA has a molecular weight of 24600 g/mol 
or 16100 g/mol, respectively. However, PMA-HMDI-HMDA has a small peak which 
corresponds to a high molecular weight of 1.07.106 g/mol (Figure 1). The PU based 
on PCL and IPDI/IPDA (Mn = 108700 g/mol) and the one based on PTHF and 
IPDI/IPDA (Mn = 70000 g/mol) have higher molecular weights than PMA-IPDI-
IPDA 1. As expected for the PTHF-IPDI-IPDA 2 for which the polyaddition is made 
without catalyst, the molecular weight is lower (Mn = 9400 g/mol) than the one of the 
PU obtained in presence of catalyst (Mn of PTHF-IPDI-IPDA 1).  
 
The glass transition temperature (Tg) is also an important characteristic of polymers 
which is determined by DSC measurement. The Tg is the temperature at which the 
polymer changes from a rigid (hard) state to a mobile (rubber) state. DSC measure-
ments are performed for each polyurethane and reported in Table 2.  
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Table 2. Glass transition temperatures of initial starting polymer-diols (PMA, PCL and PTHF) 
and polyurethanes (PMA-IPDI-IPDA 1 and 2, PMA-HMDI-HMDA, PMA-MDI-MDA, PCL-IPDI-
IPDA, and PTHF-IPDI-IPDA 1 and 2) determined by DSC measurements 
Polymer name 
Tg  
(2nd cooling) 
Tg  
(2nd heating) 
PMA 0-3°C 4-6°C 
PMA-IPDI-IPDA 1 31.4°C 35.2°C 
PMA-IPDI-IPDA 2 6.1°C 7.1°C 
PMA-HMDI-HMDA 5.9°C 7.2°C 
PMA-MDI-MDA 24.5°C 25.9°C 
PCL -107.9°C - 
PCL-IPDI-IPDA -60.8°C -55.0°C 
PTHF -111.7°C - 
PTHF-IPDI-IPDA 1 -82.9°C - 
PTHF-IPDI-IPDA 2 -106.3°C - 
 
 
First of all PUs have higher Tg than their corresponding polymer-diols. Moreover, if 
one compares the PUs prepared with the same polymer-diol and the same 
diisocyanate/diamine combination, higher the molecular weight is, higher the Tg is. 
This can be explained by the fact that shorter the polymer-chains are, more mobile 
the polymer-chains are and larger the decrease of Tg is. The nature of polymer-diols 
has an effect of the Tg: Tg of PU based on PMA is much higher than the ones of PUs 
based on PCL or PTHF. Concerning the diisocyanate/diamine combination used, 
MDI which is aromatic compound introduced more rigidity in the PU chain than IPDI 
or HMDI does. For this reason, its Tg is high even though its molecular weight is quite 
low.  
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If the Tg of the polymer is lower than the room temperature (RT), the polymer is like 
an elastomer; and if the Tg is higher than RT, the polymer is rigid. If we want a 
polymer with a good hold, we will choose a polymer with a high Tg; but, the 
customers of hairstyling products want also a good flexibility, so a polymer too rigid 
will be not the best choice. Nevertheless, the Tg determined by DSC is measured at 
low relative humidity; and the method to characterize the holding property of 
polymers in hair cosmetics is the curl retention test which is performed at high 
relative humidity (> 80% RH). The relative humidity affects properties of polymers 
because polymers absorb water. The RH modifies for example the stress/strain 
property, the diameter and the length of the human hair.7 The quantity of absorbed 
water can be determined by IGA-Sorp measurements. The modification of the 
polymer Tg is calculated by the Fox’s law (Eq 1).  
 
 Eq 1 
 
The reciprocal of Tg at various values of RH (Tg mix) is the sum of reciprocal values of 
glass transition temperature of dry polymer as obtained from DSC measurement, and 
of water as from literature, multiplied with their respective weight contribution (ωpolymer 
and ωwater). In this equation, temperatures are in Kelvin. The Tg of water is equal to 
136K (-137°C).10 
 
In order to determine the water content, moisture sorption analysis is performed by 
IGA-Sorp measurements. At given relative humidity, the weight of product is 
changing with absorption or desorption of water. The equilibrium water content vs. 
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the relative humidity for absorption and desorption of moisture for each prepared 
polyurethane are plotted in Figures 3 to 6.   
 
In Figures 3 and 4, same PUs with different molecular weights are compared to see 
the effect on the water sorption. Results of PUs based on PMA, IPDI and IPDA 
(Figure 3) show that lower the molecular weight is, higher the amount of absorbed 
moisture is. However, this speculation is not confirmed with PUs based on PTHF, 
IPDI and IPDA (Figure 4).  
 
 
Figure 3. Absorption and desorption of moisture for PUs based on PMA, IPDI and IPDA 
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Figure 4. Absorption and desorption of moisture for PUs based on PTHF, IPDI and IPDA 
 
The moisture sorption can be also compared for different diisocyanate/diamine 
combinations used (Figure 5).  In this case, the PU based on PMA, IPDI and IPDA 
absorbs less moisture than the other ones. The PU based on MDI and MDA which 
are aromatic compounds, absorbs the largest quantity of water (up to 25 wt% water 
at 90% RH). 
  
 
Figure 5. Absorption and desorption of moisture for PUs based on PMA and different 
diisocyanate/diamine combinations 
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If a comparison of the moisture uptake is made with PMA-IPDI-IPDA 1, PCL-IPDI-
IPDA and PTHF-IPDI-IPDA 1 (Figure 6), PU based on PMA absorbs the highest 
amount at high relative humidity; while PUs based on PCL or PTHF have a very low 
level of moisture uptake.  
 
 
Figure 6. Absorption and desorption of moisture for PUs based on PMA, PTHF or PCL, and 
IPDI/IPDA 
 
Moisture sorption analyses were performed to determine the water content of 
polyurethane-films at high relative humidity in order to calculate the Tg at high RH 
with the Eq 1. In Table 3, water content and the calculated Tg at 85-90% RH are 
detailed.  
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Table 3. Equilibrium water content and Tg at 85-90 % RH for different prepared 
polyurethanes 
Polymer name Tg 
equilibrium water content 
at 85-90% RH 
Tg 
at 85-90 %RH(a) 
PMA-IPDI-IPDA 1 31.4°C 7.4% 5.8°C 
PMA-IPDI-IPDA 2 6.1°C 9.4% -19.1°C 
PMA-HMDI-HMDA 5.9°C 18.4% -39.3°C 
PMA-MDI-MDA 24.5°C 24.6% -42.8°C 
PCL-IPDI-IPDA -60.8°C 2.1% -63.3°C 
PTHF-IPDI-IPDA 1 -82.9°C 2.4% -84.7°C 
PTHF-IPDI-IPDA 2 -106.3°C 2.0% -107.1°C 
(a): calculated with the equation of Fox’s Law (Eq 1) 
 
For the three polyurethanes based on PCL or PTHF and IPDI and IPDA, the water 
sorption has a quite low effect on their Tg which stay very low. However, for PUs 
based on PMA, the water sorption has a large effect on the Tg, because higher the 
moisture absorption is, lower the Tg will be. As for example with the PMA-IPDI-
IPDA 1 the original Tg was above the room temperature, but at high relative humidity, 
the Tg falls below the RT. The behavior of this polymer during the curl retention test 
could be of interest.  
 
3.2 Properties of polymers on hair 
 
According to the previous results determined by GPC, DSC and IGA-Sorp, only PMA-
IPDI-IPDA 1 and 2, PCL-IPDI-IPDA, and PTHF-IPDI-IPDA 1 and 2 are tested on 
human hair. As the hair experiments require long time, the polyurethane film-formers 
which absorb the highest amount of water are not tried out. Because of the synthesis 
of PU in which solubilizing agent is not present in the PU chain (Schemes 2 and 3), 
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the tested polyurethanes are not soluble in water. They are dissolved at 2 wt% in 
acetone; if they are not acetone-soluble, they are dissolved in dimethylformamide 
(DMF). Acetone evaporates faster and is less toxic than DMF, but DMF has the same 
behavior of water concerning the swelling of hair.7  
 
In order to determine the holding property and the wash-ability of the polyurethanes, 
the High Humidity Curl Retention (HHCR) test and the wash-ability test are 
performed respectively. To see the deposition of these polymers on hair, Scanning 
Electron Microscopy (SEM) measurements are performed on treated hair tresses 
with polymers and on washed hair tresses.  
 
The HHCR determines the ability of a product (polymer or formulation) to maintain 
the shape of a curl for a long period of time at 22°C and at 80-95% RH. This method 
characterizes the styling properties of a polymer under high humidity conditions. For 
each test, 4 hair tresses (0.5 cm wide) are needed for one polyurethane sample and 
4 others for water as reference. Polymers are dissolved in solvent and applied 
directly on hair tress (0.5 mL solution). Each tress is curled on pegs with a constant 
force – the same operator for all tresses was used – and let dry at least 18 hours at 
55% RH and 22°C. After removing curlers, tresses are hung in the air-conditioned 
box at 80-95% RH and the length for each curl is read at 0, 10, 15, 30, 45, and 90 
min and 2, 3, 4, and 5 hours. The curl retention (in %) is calculated by the equation 
(Eq 2).  
 
   Eq 2 
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L0 is the length of hair at the beginning of exposure in the box; Lt is the length of hair 
exposed in the box at different time (t) and L is the length of hair fully extended. The 
curl retention is time-dependent and results are shown in a curl retention vs. time 
graph. To analyze the curves, two approaches could be employed: (i) the kinetic 
approach; and (ii) the thermodynamic approach. By the kinetic approach, the rate 
constant of reaching the equilibrium (k) is determined by calculations of the slope of 
curves. Higher the k-value is, faster the curl is lost. The k-value for reference is of 
water-wave. By the thermodynamic approach, the equilibrium value (Eq-value) which 
is the curl retention at the end of the experiment is important. Higher Eq-value is, 
better the hold is kept. The water is used as reference.  
  
The wash-ability test may determine by weighing hair tresses if the polymer is easily 
removed by surfactant solution (12% sodium lauryl ether sulfate (SLES) solution). 
The hair tress (1 cm wide) is weighed before and after application of polymer – 1 mL 
of polymer solution is applied – in order to know the mass of dry applied polymer. 
Then samples of hair are washed with the surfactant solution (1 min massaging, 1 
min waiting and 1 min rinsing) and dried. The tress is weighed again. Before 
weighing, each hair tress is dried and conditioned at 55% RH and 22°C for 24 hours. 
For each polyurethane, three hair tresses are required for the reproducibility.  
 
SEM images of hair tresses after applying the polymer and after washing are 
performed for each polyurethane in order to see the behavior of these polymers on 
hair. 
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With the chosen polyurethanes, we can compare PMA-IPDI-IPDA 1 and 2; and 
PTHF-IPDI-IPDA 1 and 2 in order to see the effect of molecular weights on hair 
properties; and compare these polymers with PCL-IPDI-IPDA in order to see the 
influence of the polymer-diol.  
 
3.2.1 Effect of molecular weights 
 
To determine the influence of molecular weights over the properties of PUs on hair, 
PMA-IPDI-IPDA 1 and PMA-IPDI-IPDA 2 based on hydroxyl-telechelic PMA, IPDI 
and IPDA which have molecular weights of  44500 g/mol (Ð = 3.5) and 9500 g/mol 
(Ð = 1.4), respectively, are applied on hair for the HHCR, wash-ability and SEM tests.  
  
HHCR results of PMA-IPDI-IPDA 1 and PMA-IPDI-IPDA 2 are presented in Figures 7 
and 8, respectively. The k- and Eq-values are given in Table 4.  
 
 
Figure 7. HHCR measurements for PMA-IPDI-IPDA 1 
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Figure 8. HHCR measurements for PMA-IPDI-IPDA 2 
 
Table 4. Rate constant (k-value) and equilibrium-value (Eq-value) for PUs based on 
hydroxyl-telechelic poly(methyl acrylate), IPDI and IPDA 
Experiments with 
k-value 
(polyurethane) 
(min-1) 
k-value 
(water) 
(min-1) 
Eq-value 
(polyurethane) 
(%) 
Eq-value 
(water) 
(%) 
PMA-IPDI-IPDA 1 0.064 0.030 62.6% 38.7% 
PMA-IPDI-IPDA 2 0.055 0.026 40.6% 39.3% 
 
PMA-IPDI-IPDA 1 has a better curl retention than the water-wave because the 
equilibrium value of the polyurethane is higher than the one of water (Table 4). 
However, by the kinetic approach, PMA-IPDI-PDA 1 reaches twice faster the 
equilibrium value than the water wave does.  
PMA-IPDI-IPDA 2 has the same equilibrium value than the water. Moreover, the 
slope of the polyurethane curve (Figure 8) is higher than the one of water. This 
polyurethane can not retain the shape of the hair curl at high humidity. 
If a comparison of these both experiments is made, k-values of PUs and water and 
the Eq-value of water are similar but the Eq-value of PMA-IPDI-IPDA 1 is higher than 
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the one of PMA-IPDI-IPDA 2. Therefore, PMA-IPDI-IPDA 1 has a better holding 
property than PMA-IPDI-IPDA 2.  
 
The same behavior is observed if a comparison between PTHF-IPDI-IPDA 1 and 
PTHF-IPDI-IPDA 2 is made (Figures 9 and 10, respectively): the equilibrium value of 
PTHF-IPDI-IPDA 1 is higher than the one of PTHF-IPDI-IPDA 2 (Table 5).  Certainly 
due to an increase of the cohesion force with higher molecular weight of the 
polyurethane, the retention of hair curl is improved.  
 
 
Figure 9. HHCR measurements for PTHF-IPDI-IPDA-1 
 
Figure 10. HHCR measurements for PTHF-IPDI-IPDA 2 
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Table 5. Rate constant (k-value) and equilibrium-value (Eq-value) for PUs based on 
poly(THF)-diol, IPDI and IPDA 
Experiments with 
k-value 
(polyurethane) 
(min-1) 
k-value 
(water) 
(min-1) 
Eq-value 
(polyurethane) 
(%) 
Eq-value 
(water) 
(%) 
PTHF-IPDI-IPDA 1 0.060 0.079 59.5% 25.2% 
PTHF-IPDI-IPDA 2 0.045 0.042 39.8% 39.9% 
 
 
Wash-ability results of PMA-IPDI-IPDA 1 and 2, and PTHF-IPDI-IPDA 1 and 2 are 
detailed in Table 6. For all experiments, the deposited weight of polyurethanes on 
hair is around 10 and 25 mg. After the washing process, 98% of PMA-IPDI-IPDA 1 is 
left on human hair; while for PMA-IPDI-IPDA 2 only 34 % remains. PMA-IPDI-IPDA 2 
is more washable than PMA-IPDI-IPDA 1. Therefore, higher the molecular weight of 
polyurethane is, less washable the polymer is. The same behavior is observed with 
PTHF-IPDI-IPDA 1 and PTHF-IPDI-IPDA 2: the remained polymer masse of PTHF-
IPDI-IPDA 1 after washing (121%) is higher than the one of PTHF-IPDI-IPDA 2 
(55%). However, the amount of remained polymers 1 is abnormally high after the 
washing process. Nevertheless, these polyurethanes are simply prepared and a 
solubilizing agent is missing in the PU-chain (Scheme 3) as conventionally 
(Scheme 2). A solubilizing agent provides the water solubility and therefore improves 
the wash-ability.  
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Table 6. Wash-ability results for PMA-IPDI-IPDA 1 and 2, and PTHF-IPDI-IPDA 1 and 2 
Polymers 
m(polymer) 
deposited 
m(polymer) after 
washing 
percentage of remain 
polymer weight after 
washing  
PMA-IPDI-IPDA 1 0.0128 g 0.0125 g 98% 
PMA-IPDI-IPDA 2 0.0238 g 0.0081 g 34% 
PTHF-IPDI-IPDA 1 0.0188 g 0.0228 g 121% 
PTHF-IPDI-IPDA 2 0.0156 g 0.0086 g 55% 
 
 
In SEM images of PMA-IPDI-IPDA 1 and 2 (Table 7) both polyurethanes show good 
affinity to the hair. However, the deposition is not homogenous: polymers are 
deposited between hair fibers, similar to strip welding;7 the mechanical properties and 
particularly retention of shape are provided by this inter-fiber bonding. The deposed 
layers of PMA-IPDI-IPDA 1 are thicker than those of PMA-IPDI-IPDA 2, probably due 
to the length of polymer chains. The short polymer chains of the latter polymer seem 
to impede a correct attachment to hair fibers. As a result after washing, while some 
polymers are still left on hair for PMA-IPDI-IPDA 1, the tresses treated with PMA-
IPDI-IPDA 2 are almost completely stripped of polymer.  
The same observations can be made for PTHF-IPDI-IPDA 1 and 2 (Table 8): more 
polymer is present on the hair treated with PTHF-IPDI-IPDA 1 than for those treated 
with PTHF-IPDI-IPDA 2. These images will be more commented in the next part.  
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Table 7. SEM images of PMA-IPDI-IPDA 1 and PMA-IPDI-IPDA 2 
Polymers PMA-IPDI-IPDA 1 PMA-IPDI-IPDA 2 
Before 
washing 
 
 
 
 
After 
washing 
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Table 8. SEM images of PTHF-IPDI-IPDA 1 and PTHF-IPDI-IPDA 2 
Polymers PTHF-IPDI-IPDA 1 PTHF-IPDI-IPDA 2 
Before 
washing 
 
 
 
 
After 
washing 
 
 
 
 
 
 
Hair cosmetic application of PU based on hydroxyl-telechelic PMAs 
 
 
166 
 
To conclude about the effect of molecular weight, high values of molecular weight of 
polyurethanes enhance the retention property, helping to maintain the shape of hair 
curl; low molecular weight polyurethanes are easily washable.  
 
3.2.2 Effect of the nature of polymer-diols 
 
To determine the influence of the nature of polymer-diols in polyurethane chains on 
hair properties the polyurethanes based on poly(methyl acrylate) (PMA-IPDI-IPDA 1 
and 2), polyester (PCL-IPDI-IPDA) and polyether (PTHF-IPDI-IPDA 1 and 2) are 
applied on tresses for the HHCR, wash-ability and SEM tests.  
 
In Figure 11 curl retention results of PCL-IPDI-IPDA are shown. The equilibrium 
value of polyurethane (Eq-value = 83.0%) is much higher than the one of water (Eq-
value = 30.5%). By kinetic approach, k-value of the polyurethane (k-value = 0.094 
min-1) is higher than the one of water (k-value = 0.069 min-1), but polymer-treated hair 
tresses kept almost their original shape. However, if these values are compared to 
those of PMA-IPDI-IPDA 1 (Table 4), PCL-IPDI-IPDA exhibits better holding 
properties than the polyurethane based on PMA. 
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Figure 11. HHCR results of PCL-IPDI-IPDA 
 
Curl retention results of PTHF-IPDI-IPDA 1 and PTHF-IPDI-IPDA 2 are shown in 
Figures 9 and 10, respectively. The equilibrium values of PUs based on PTHF are 
not significant different from those of PUs based on PMA: the Eq-value of PTHF-
IPDI-IPDA 1 (Eq-value = 59.5%) is close to the one of PMA-IPDI-IPDA 1 (Eq-value = 
62.6%); and the Eq-value of PTHF-IPDI-IPDA 2 (Eq-value = 39.8%) is close to the 
one of PMA-IPDI-IPDA 2 (Eq-value = 40.6%). Moreover, the k-values of PUs based 
on PTHF and on PMA do not differ significantly (Tables 4 and 5). However, if we 
compare these values with the reference values (Eq-values(water) and k-
values(water)), the experimental conditions used for PUs based on PTHF seem to be 
harder than those used for the other polyurethanes, because tresses curled with 
water as reference in the PTHF experiments loose their form quickly and the 
equilibrium value is low, especially for PTHF-IPDI-IPDA 1. According to this analysis, 
PUs based on PTHF seem to have better holding properties than PUs based on 
PMA. 
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In order to evaluate the removability of PUs, they are applied on hair and tresses 
washed with SLES solution. Results of PMA-IPDI-IPDA 1, PCL-IPDI-IPDA and 
PTHF-IPDI-IPDA 1 are reported in Table 9.  
 
Table 9. Wash-ability results for PMA-IPDI-IPDA 1, PCL-IPDI-IPDA and PTHF-IPDI-IPDA 1  
Polymers 
m(polymer) 
deposited 
m(polymer) after 
washing 
percentage of remain 
polymer weight after 
washing  
PMA-IPDI-IPDA 1 0.0128 g 0.0125 g 98% 
PCL-IPDI-IPDA 0.0132 g 0.0162 g 123% 
PTHF-IPDI-IPDA 1 0.0188 g 0.0228 g 121% 
 
All of these polyurethanes are not easily removed. As already explained, in the 
polyurethane preparation, the solubilizing agent which should improve the water-
solubility and the wash-ability is missing.  
 
SEM images of PMA-IPDI-IPDA 1 and 2, PTHF-IPDI-IPDA 1 and 2, and PCL-IPDI-
IPDA are presented in Tables 7, 8 and 10, respectively. For PCL-IPDI-IPDA, seam 
welds are observed and lots of polymer filaments are noticeable between hair fibers. 
After washing, polyurethane is still present but interactions between polymer and 
fibers are weaker. For PTHF-IPDI-IPDA 1 sample, drops of polyurethane are 
deposed on hair and some seam welds are noticeable. After washing, polyurethane 
particles appear like dandruffs – no interaction with the hair fiber – in a smaller 
amount but always present. Actually, seam welds provide a good retention of the 
hairstyle. For this reason, PCL-IPDI-IPDA has the best curl retention. However, PMA-
IPDI-IPDA 1 spreads better on the hair and the dry polyurethane takes the shape of 
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the hair – print of hair scales on the polymer. This is due to the acrylate part of the 
polyurethane which is known to have a good interaction with hair.  
 
Table 10. SEM images of PCL-IPDI-IPDA 
Polymers PCL-IPDI-IPDA 
Before 
washing 
  
After 
washing 
  
 
4 Conclusions 
 
In order to understand which effect has the molecular weight or the composition of 
polyurethanes on hairstyling properties, seven polyurethanes (PUs) were prepared. 
Four PUs were based on hydroxyl-telechelic poly(methyl acrylate) (PMA): two 
different molecular weights composed of isophorone diisocyanate (IPDI) and 
isophorone diamine (IPDA); one with 4,4’-methylenebis(cyclohexyl isocyanate) 
(HMDI) and 4,4’-methylenebis(cyclohexyl amine) (HMDA) and another with 4,4’-
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methylenediphenyl diisocyanate (MDI) and 4,4’-methylenediphenyl diamine (MDA). In 
order to compare PUs based on polyacrylate with the traditional ones, PUs based on 
polyester-diol or polyether-diol were prepared with poly(ε-caprolactone)-diol (PCL) or 
poly(THF)-diol (PTHF) and IPDI/IPDA, respectively. Two different molecular weights 
of PUs based on PTHF, IPDI and IPDA were obtained. 
 
The seven PUs were evaluated with GPC, DSC and IGA-Sorp for finding the 
molecular weights, glass transition temperature (Tg) and moisture sorption of these 
PUs. PUs based on PMA, HMDI and HMDA, and PMA, MDI and MDA absorb a lot of 
water and they were not tested on hair.  
 
Polyurethanes based on PMA were compared with the traditional ones based on 
PCL and PTHF. Their characteristics and properties on hair are summarized in 
Table 11. 
At same molecular weight as for example PMA-IPDI-IPDA 2 and PTHF-IPDI-IPDA 2, 
Tg and water absorption of PMA-IPDI-IPDA 2 were much higher than those of PU 
based on PTHF. However for both, Tg were under the room temperature. According 
to the hair tests, their styling properties were not significantly different; however, in 
SEM images PMA-IPDI-IPDA 2 showed a better spread on hair.  
By comparing the same polyol in the PU chain – as for example PMA-IPDI-IPDA 1 
and 2, and PTHF-IPDI-IPDA 1 and 2 – the effect of molecular weights could be 
determined. By increasing the molecular weight, Tg increases and water absorption 
decreases; while the styling retention gets better and the wash-ability worse. In SEM 
images, more fiber assemblies were noticeable.  
Chapter 6 
 
 
171 
 
The comparison between the different polyols used was more difficult because PUs 
had different molecular weights (Mn(PCL-IPDI-IPDA) > Mn(PTHF-IPDI-IPDA 1) > 
Mn(PMA-IPDI-IPDA 1)). However, in SEM images, different behaviors of these PUs 
are remarkable with hairs: (i) PU based on PMA interacted with strip welding; while 
PUs based on PTHF or PCL with seam welding; (ii) PU based on PMA spread better 
on hair than PUs based on PTHF or PCL. The interaction of PU based on PMA and 
hair fibers seems to be more adhesive, but also stiffer than the other PUs.  
 
Table 11. Summary of characteristic and properties of different PUs based on IPDI and IPDA 
X-IPDI-IPDA 
n° 
PMA 
1 
PMA 
2 
PCL 
 
PTHF 
1 
PTHF 
2 
Molecular weight 
(g/mol) 
44500 9500 108700 70000 9400 
Tg 31.4°C 6.1°C -60.8°C -82.9°C -106.3°C 
Water content 
at 85-90% RH 
7.4% 9.4% 2.1% 2.4% 2.0% 
HHCR 
Eq-value 
k-value 
 
62.6% 
0.064 
 
40.6% 
0.055 
 
83% 
0.094 
 
59.5% 
0.060 
 
39.8% 
0.045 
After washing, % of 
remain polymer 
weight  
98% 34% 123% 121% 55% 
SEM image 
     
 
 
Polyurethanes based on polyacrylates could be a good future polymer in term of hair 
interactions; however, PMA-IPDI-IPDA 1 seems to be too stiff to provide a good 
flexibility of the hairstyle – natural fixation required by customers. Maybe, the seam 
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welding could have a positive effect of the flexibility of hairstyles; the fixation is less 
stiff than the one with the strip welding. To improve the flexibility, maybe, other 
monomers can be tested as for example butyl acrylate which has a Tg of -54°C. For 
the style retention enhancement, high molecular weight is essential. The wash-ability 
property can be improved by introducing a solubilizing agent in the PU-chain during 
the preparation.  
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